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Summary 





This thesis presents the findings of catalysts supported on mesoporous SBA-15 
to improve the catalytic performance in transesterification of palm oil and methanol. 
SBA-15 is shown to be a potential and effective support for both chemical and bio-
catalysts to improve the catalytic performance for biodiesel production. Supporting the 
chemical catalyst and biocatalyst on SBA-15 not only simplifies the separation process, 
but also enhances the catalytic performance, opening up the potential application of 
heterogeneous catalysts for efficient biodiesel production as a green and 
environmentally-benign process. 
Three types of catalysts have been applied in this thesis: sulfated zirconia (SZ), 
mixed CaO-CeO2 oxides (prepared by simple gel-formation via co-precipitation) and 
Candida antarctica lipase (Lp) as the acid, base and bio-catalyst, respectively. The 
catalytic performance (i.e., activity, stability and reusability) of each type of catalyst 
was found to be improved remarkably after being supported on SBA-15. 
The solid acid catalyst of sulfated zirconia supported on SBA-15 (SZS) was 
synthesized via post synthesis whereby zirconia was supported on SBA-15, followed 
by sulfation. The catalytic activity of SZS was ca. 2.5 times higher than that of SZ, and 
SZS showed better reusability without a decrease in catalytic performance after re-
sulfation when compared to SZ catalyst. The improvement of the catalytic 
performance of SZS catalyst is attributed to: 1) well-dispersion of active acid sites on 
the catalyst surface, leading to an increase of the number of accessible active sites, 2) 
generation of stronger acid sites on the catalyst surface, and 3) formation of -Si-O-Zr- 
linkages which prevent the agglomeration of ZrO2. 
Summary 
    viii 
The solid base catalyst of Ca-doped Ce-incorporated SBA-15 (Ca/CeS) was 
synthesized by direct synthesis of Ce-incorporated SBA-15, followed by calcium 
impregnation. The Ca/CeS catalyst showed ca. 6 times higher catalytic activity than 
unsupported CaO-CeO2 and also had excellent stability as it could be reused up to 15 
cycles without significant drop of catalytic performance, with the amount of catalyst 
components leaching into the product phase was “near-zero” (i.e., less than 1 ppm after 
7 cycles). The enhancement of catalytic performance of Ca/CeS catalyst is attributed to: 
1) well-dispersion of the catalyst species on the large surface of SBA-15, leading to the 
increase of the number of accessible active sites on the catalyst surface, and 2) 
interaction between the catalyst species and SBA-15 support, leading to the 
enhancement of the catalyst stability with minimum leaching of catalyst components 
from the bulk catalyst into the reaction medium. In addition, the Ca/CeS catalyst had 
high resistance to water and free fatty acid in feed stocks. 
The immobilized Candida antarctica lipase on the functionalized passivated-
SBA-15 (Lp/FPS) showed significant improvement of catalytic activity and stability as 
compared to the immobilized lipase on the functionalized non-passivated SBA-15 
(Lp/FNPS) and pure SBA-15. The enhancement of the catalytic performance of 
Lp/FPS is attributed to: 1) the highest amount of immobilized lipase enzyme on 
Lp/FPS, and 2) the protection of the immobilized enzyme inside the mesoporous 
channel of SBA-15. 
In summary, the important findings of this work were as follows: 1) the large 
surface area, big pore size and strong structure of SBA-15 mesoporous support were 
crucial to enhance the catalytic activity of chemical and bio- catalysts for 
transesterification of bulky oil to biodiesel: 2) the interaction between acid catalyst and 
SBA-15 support generated the additional Lewis acid site which has higher acid 
Summary 
    ix 
strength than the acid sites on SZ: 3) the interaction between chemical and bio- 
catalysts and SBA-15 support improved the stability of catalysts: and 4) the pore of 
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Chapter 1.  Introduction 
 
1.1 Introduction 
Due to the foreseeable end of petroleum and natural gas, biodiesel - a 
renewable and non-petroleum based fuel - is becoming intriguing due to its many 
advantages i.e., less toxicity for humans, lower CO, almost zero sulfur emissions and 
no engine modification required. Basically, biodiesel is fatty acid alkyl esters 
synthesized from vegetable oils and alcohol via transesterification reaction, which is 
the reaction to replace alcohol from an ester (oils) by another alcohol. This process has 
been widely used to reduce the viscosity of triglycerides (oils), thereby enhancing the 
physical properties of renewable fuels to improve engine performance. Thus, fatty acid 
alkyl esters, known as biodiesel fuel, obtained by transesterification can be used as an 
alternative fuel. 
In transesterification, catalysts play an important role and there are many types 
of catalysts employed: acid catalysts, base catalysts and biocatalysts. Industrially, 
homogeneous catalysts are utilized; however, the homogeneous acid catalysts present 
several drawbacks such as hazards in handling, corrosiveness, and difficulty of 
separation. Heterogeneous catalysts or solid catalysts have gained more attention 
because of their ease of removal and recycling and thus eliminating the problem from 
soap formation. There are many kinds of solid catalyst applied for transesterification. 
For instance, sulfated zirconia and calcium-based catalysts are the most well-known 
solid acid and solid base catalysts, respectively, for transesterification reaction. This is 
due to the “superacid” property of sulfated zirconia and due to strong basicity of 
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calcium-based catalysts. Candida antarctica lipase is also a well-known biocatalyst for 
transesterification due to its ability to work in non-polar phase. 
However, heterogeneous catalysts generally provide slower reaction and 
require more severe reaction conditions when compared with homogeneous catalysts 
due to their poor catalyst textures and lower stability, leading to low catalytic activities 
of the solid catalysts. In addition, Candida antarctica lipase has problems with enzyme 
recovery and inactivation by substrate and surroundings (i.e., air bubbles) in the 
reaction system. 
To improve the catalytic performance of solid catalysts, supporting catalyst 
onto the catalyst supports has been typically used. Many kinds of catalyst supports 
have been used, until the time of discovery of mesoporous materials which paves the 
way for catalysis research. One of the well-known mesoporous materials is Santa 
Barbara Amorphous-15 or SBA-15. It has been extensively used as catalyst supports 
due to its outstanding characteristics such as high surface area, uniform pore size, well 
defined surface properties and controllable pore size. However, the application of 
SBA-15 as a potential catalyst support for biodiesel production has been still scarce so 
far. 
Taking the advantages of the unique characteristics of SBA-15, the feasibility 
of catalytic improvement for biodiesel production has been explored. Three types of 
catalysts have been applied in this thesis: sulfated zirconia, mixed oxide of CaO-CeO2 
and Candida antarctica lipase as the acid, base and bio-catalysts, respectively. The 
findings of this study will open up the potential application of heterogeneous catalysts 
for the efficient biodiesel production as a green and environmentally-benign process. 
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1.2 Objective and scope of thesis 
The target of this project is to improve the catalytic performance of 
heterogeneous catalysts with the promising SBA-15 support to enhance catalytic 
activity and stability of the catalyst for transesterification of palm oil with methanol. 
Specifically, the scope of this research is as follows: 
1. Solid acid catalysts: sulfated zirconia supported SBA-15  
- Sulfated zirconia supported SBA-15 will be synthesized by post synthesis 
method. The catalysts will be fully characterized and applied for the 
transesterification of palm oil and methanol to investigate performance and 
stability of the catalyst. 
- Acidity and nature of the acid sites on the sulfated zirconia supported SBA-
15 play important roles in the catalytic performance of the catalyst. The 
acidity and nature of the acid site will be studied.  
2. Solid base catalysts: mixed oxides of calcium and cerium and calcium-doped 
cerium incorporated SBA-15 
- A mixed oxide of cerium and calcium will be synthesized using gel 
formation via co-precipitation as a novel base catalyst for biodiesel 
production. The catalyst is fully characterized and used as an active catalyst 
for the transesterification of palm oil and methanol to investigate 
performance and stability of the catalyst. 
- Cerium incorporated SBA-15 will be synthesized using direct synthesis and 
calcium is doped on the cerium-incorporated SBA-15 support using 
impregnation method. The catalyst is fully characterized and applied for the 
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transesterification of palm oil and methanol to investigate performance and 
stability of the catalyst. 
3. Biocatalysts: immobilized Candida antarctica lipase on SBA-15 
- Candida antarctica lipase enzyme will be immobilized onto modified SBA-
15 support and the immobilized enzyme will be used as a catalyst for 
transesterification of palm oil and methanol. The effect of surface 
modification (i.e., passivation) on the catalyst structure, catalytic 
performance and catalytic stability will be investigated 
 
1.3 Thesis organization 
This thesis is divided into eleven chapters. Besides this introduction chapter, 
Chapter 2 covers literature review relevant to biodiesel production, catalyst for 
biodiesel production and the promising SBA-15 support for biodiesel production. 
Chapter 3 demonstrates the experimental steps in details for synthesis of catalysts and 
instruments applied for reactions and characterizations. Chapters 4 to 10 describe in 
details the results and discussion sections for each topic covering the use of SBA-15 as 
a promising support for transesterification of palm oil and methanol. Among them, 
Chapter 4 and Chapter 5 describe sulfated zirconia supported on SBA-15 as a solid 
acid catalyst for the transesterification. Chapter 6 and Chapter 7 present mixed oxide 
of CaO and CeO2 as a novel and active catalyst for transesterification. Chapter 8 and 
Chapter 9 discuss calcium-doped cerium-incorporated SBA-15 as a novel solid base 
catalyst for the transesterification. Lipase enzyme immobilized modified SBA-15 is 
presented in Chapter 10. This thesis ends with Chapter 11 describing the conclusions 
and recommendations of the research. 
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Chapter 2.  Literature review  
 
2.1 Biodiesel & biodiesel production 
 Due to the oil crisis during the 1970s, the development and discovery of 
alternative energy sources (such as hydroelectric, geothermal, wind, solar and nuclear 
energy) have attracted the attention of scientists around the world. In addition, 
environmental concerns have become an important factor during the selection of 
energy sources. Biodiesel has become a potential alternative fuel due to its raw 
material being in abundance, itself being renewable and non-toxic,
 
the similarities of 
chemical and physical characteristics with petroleum-based diesel and its vast potential 
for large scale production, especially in the developing and less-developed countries 
(Hideki et al., 2001, and Demirbas, 2003 and 2008). The global biodiesel industry has 
grown significantly over the past decade captivating the interest of various 
stakeholders such as governments, end users, biodiesel producers and oil seed 
(feedstock) growers. Some of the main drivers behind this tremendous growth are the 
reduced dependence on imported oil, environmentally friendly alternative to diesel, 
Kyoto protocol (for reducing greenhouse gas emission), ability to use biodiesel 
blended fuel in the existing diesel engines without (or little) modifications and 
compatibility with existing fuel distribution infrastructure. The global biodiesel market 
is estimated to reach 37 billion gallons by 2016 at an average annual growth of 42%. 
Europe will continue as the major biodiesel market for the next decade or so, closely 
followed by the US market (Biodiesel Fuel Market, 2007). 
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C a t a l y s t
 
2.1.1 What is biodiesel? 
 In simplicity, when a vegetable oil or animal fat chemically reacts with an 
alcohol via transesterification, fatty acid alkyl esters known as biodiesel are produced 
(Demirbas, 2003). Biodiesel can be made from any vegetable oil including oils pressed 
straight from the seed (virgin oils) such as soy, sunflower, canola, coconut and hemp. 
It can also be made from waste cooking oils from restaurants. Even animal fats (such 
as beef tallow and fish oil) can be used to make biodiesel fuel (Ma and Hanna, 1999). 
 
2.1.2 Biodiesel production by transesterification of oils 
 During the past decade, the use of biodiesel derived from the triglycerides by 
transesterification with alcohols, as a renewable alternative fuel had attracted much 
attention. Chemically, transesterification is a reaction to create an alcohol ester by the 
exchange reaction of alkoxy groups of ester (a triglyceride) with an alcohol. Figure 2.1 
shows the overall chemical equation of transesterification. There were many 
mechanisms of transesterification proposed by many researchers. Freedman et al. 
(1986) and Schwab et al. (1987) reported that transesterifcation consists of many 
consecutive and reversible reactions as shown in Figure 2.2. The mechanism in each 
step can differ accordingly to different catalysts. Ma et al. (1998) reported the 
difficulties in obtain pure esters due to the presence of impurities in the esters, such as 




Figure 2.1   Transesterification of triglyceride with alcohol. 
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Figure 2.2   Consecutive reactions of transesterification. 
 
2.1.3 Reaction parameters and their effects 
There are many contributing factors in the study of transesterification reaction. 
 
2.1.3.1 Alcohol to triglyceride molar ratios 
Alcohol-to-oil molar ratio is one of the most important variables affecting the 
yield of fatty acid alkyl ester. Theoretically, the stoichiometry ratio of the reaction is 
one mole of triglyceride to 3 moles alcohol as shown in Figure 2.1. However, excess 
alcohol is usually added so as to drive the equilibrium to yield maximum product.  
The molar ratio is associated with the type of used catalyst. Freedman et al. 
(1986) reported that to achieve the same ester yield for a given reaction time, the molar 
ratio of butanol to soybean oil in an acid catalyzed reaction is 30:1, while the molar 
ratio in an alkali-catalyzed reaction is only 6:1.
 
Transesterification of rapeseed oil with 
methanol was conducted using 1% NaOH or KOH by Nye and Southwell (1983). They 
found that the methanol-to-oil molar ratio of 6:1 gave the best conversion, whereas a 
molar ratio as high as 15:1 was needed in the presence of acid catalysis. Feuge and 
Grose (1949) stated that higher molar ratios would result in greater ester conversion in 
a shorter time. In the transesterification of peanut oil and ethanol, a 6:1 molar ratio 
liberated significantly more glycerin than 3:1 molar ratio. However, Bradshaw and 
    Catalyst 
Triglyceride + R’OH     Diglyceride + R’COOR1 
     
Catalyst 
Diglyceride + R’OH    Monoglyceride + R’COOR2 
 
    Catalyst 
Monoglyceride + R’OH   Glycerol + R’COOR3 
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Meuly (1944) stated that the alcohol consumption depend on the quality of the oil used. 
On top of this, additional methanol would prevent gravity separation of the glycerol, 
thus increasing the cost of the process. 
For biocatalysts (such as lipase), too much alcohol could poison the catalysts 
due to the change of enzyme configuration and the poor miscibility of methanol and oil. 
To overcome this problem, Samukawa et al. (2000) maintained a very low 
concentration of methanol during the reaction but a precise control was too 
complicated for large-scale production of biodiesel. Xu et al. (2003) used methyl 
acetate instead of methanol as an acyl acceptor but large molar excess of methyl 
acetate was required for high yield and methyl acetate is relatively more expensive. 
Mahabubur Rahman Talukder et al. (2005) studied the transesterification of palm oil 
with methanol by using commercial immobilized lipase and found the rate of 
transesterification increased when the methanol content increased up to methanol-to-
palm oil molar ratio of 1:1, after which it would decrease drastically. It is possible that 
the immiscible methanol droplets attached to the solid support (acrylic resin) used for 
lipase immobilization and the entry of substrate to the lipase active site was blocked, 
causing reaction to stop. The same result was also reported by Tan et al. (2006). They 
found that the specific molar ratio of methanol-to-oil in the reaction system could not 
exceed 1:1, otherwise the lipase would be denatured due to methanol toxicity but in 
theory, a 3:1 specific molar ratio of methanol is needed in the reaction, so a stepwise 
addition of methanol is needed. 
 
2.1.3.2 Reaction temperature 
Reaction temperature clearly influences the reaction rate and the ester yield. 
Smith et al. (1949) reported that in the methanolysis of castor oil to methanol, the 
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reaction proceeded satisfactorily at 20-35°C with a molar ratio of 6:1-12:1 and 0.005-
0.35 wt % NaOH. For the transesterification of soybean oil with methanol (6:1) using 
1% NaOH, Freedman et al. (1984) studied the effects of three different temperatures. 
After 0.1 h, ester yields were 94%, 87% and 64% for 60 °C, 45 °C and 32 °C, 
respectively. After 1 hr, ester formation was identical for 60 °C and 45 °C runs and 
only slightly lower for the 32 °C.                                                                                                    
For biocatalysts, the reaction could take place under mild condition. Tan et al. 
(2006) reported on transesterification of salad oil with methanol by using Candida 
antractica lipase as a catalyst, a higher temperature could give a faster transformation; 
however, extremely high temperature will lead to enzyme denaturing. The highest 
yield, 96% yield, was observed at 40 
◦
C at 30 h. For lower temperatures, same results 
could be obtained if the reaction time was extended to 60 h. At reaction temperatures 
above 40 ºC, decrease in conversion ratio was observed. 
 
2.1.3.3 Water and free fatty acids in feed stocks 
Free fatty acids and water in feed stocks influence transesterification reaction, 
especially for the alkaline-catalyzed reaction. If the amount of free fatty acid is too 
high, the base catalysts (such as NaOH) are required more amount to neutralize the 
free fatty acids. Water could also cause soap formation, which consumed the catalyst 
and reduced catalyst efficiency. The resulting soaps caused an increase in viscosity, 
formation of gels and made the glycerol separation difficult (Ma and Hanna 1999). 
Bradshaw and Meuly (1944), and Feuge and Grose (1949) stated the importance of oils 
being dry and “free” of free fatty acids (<0.5%). Freedman et al. (1984) also reported 
that ester product was significantly reduced if the reactants did not meet these 
requirements. The effects of free fatty acids and water on transesterification of beef 
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tallow with methanol were investigated by Ma et al. (1998). They found that the water 
content of beef tallow should be lower than 0.06 wt % and free fatty acid content of 
beef tallow should be below 0.5 wt % to achieve the best conversion. 
For biocatalysts, it has been reported that water greatly reduces the amount of 
esters formed when refined vegetables were transesterified with methanol. High water 
activity favors hydrolysis, whereas a low water activity favors esterification. Tan et al. 
(2006) found that during the variation of water content in salad oil from 0 wt % to 40 
wt %, a plateau conversion was reached when water content reached 10-15 wt % and 
after that the conversion of methyl ester began to decrease with increasing water 
content. However, Shimada et al. (1999) reported that small amount of water (<500 
ppm) in soybean oil would decrease the rate of triglyceride methanolysis but did not 
affect the reaction equilibrium. 
 
2.1.3.4 Catalysts  
Catalysts used for transesterification are generally classified as base, acid, and 
bio- catalysts (Ma and Hanna, 1999).
 
Since catalysts for transesterification are the main 
focus for this thesis, the details of each type of catalysts will be described in section 
2.2. 
 
2.2 Catalysts for biodiesel production 
It is known that different types of catalysts influence biodiesel production. In 
this section, the literature review of three types of catalysts (i.e., acid, base and bio- 
catalyst) is presented.  
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2.2.1 Base catalysts 
 Due to the fact that base catalysts could efficiently function at lower reaction 
temperature and needed shorter reaction time to reach high biodiesel yield than acid 
compounds, industrial processes usually prefer base catalysts such as sodium 
hydroxide, sodium methoxide, potassium hydroxide, potassium methoxide, sodium 
amide, sodium hydride, potassium amide and potassium hydride (Schuchardta et al., 
1998, Ma and Hanna, 1999, and Sprules and Price, 1950). Sodium methoxide was 
more effective than sodium hydroxide because some amount of water was produced 
upon mixing sodium hydroxide and methanol (Hartman, 1956 and Freedman et al., 
1984). Freedman et al. (1984) found that the ester conversions at oil-to-alcohol molar 
ratio of 6:1 for 1% NaOH and 0.5% NaOCH3 were almost the same for 60 min 
reaction. In addition, it was reported that alkaline metal alkoxides such as CH3ONa 
would provide high yields (> 98%) in short reaction times (30 min) even if they were 
added at low concentrations. Potassium carbonate with a concentration of 2 or 3 % also 
gave high yields of fatty acid alkyl esters and reduced soap formation due to the 
formation of bicarbonate instead of water, hence not hydrolyzing the esters.
 
 In contrast, 
the opposite result was observed by Ma et al. (1998). NaOH and NaOCH3 reached 
their maximum activities at 0.3 wt % and 0.5 wt % of beef tallow, respectively. 
However, sodium hydroxide was widely chosen to catalyze the transesterification 
because it was cheaper. 
The mechanism of homogeneous base transesterification is shown in Figure 2.3 
(Lotero et al., 2005). In the pre-step, the anion of the catalyst extracts H
+
 from alcohol 
to form RO
-
 which is strongly basic and very active in the transesterification reaction. 
In the first step, carbonyl carbon atom of the triglyceride molecule is attacked by the 
anion of the alcohol (RO
-
) to form an intermediate. In the second step, the intermediate 
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regenerates itself, resulting in the formation of a fatty acid ester and in the last step; the 
anion of triglyceride accepts H
+
 from the catalyst to form diglyceride. Diglycerides and 
monoglycerides are converted by the same mechanism to a mixture of alkyl esters and 
glycerol (Schuchardta et al., 1998, Ma and Hanna, 1999 and Hideki et al., 2001).














Figure 2.3 Mechanism of homogeneous base transesterification (Lotero et al., 2005). 
 
However, base catalyst reaction requires the absence of water and free fatty 
acids (FFAs) as water leads to saponification, hydrolysis of esters and formation of 
corresponding metal carboxylates. The formation of soap causes catalyst deactivation, 
increase in viscosity and hence raising the difficulty of the product separation stage. 
The process is energy intensive and requires catalyst neutralization and wastewater 
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2008). In addition, water itself promotes the formation of FFAs, which can activate the 




Figure 2.4 Sponification by base catalyst and FFAs formation by promotion of water 
(Lotero et al., 2005). 
 
Solid Base Catalysts 
 The transesterification reaction is industrially done by using homogeneous base 
catalysts (such as NaOH and KOH) since the reaction temperature is low (ca. 65 ºC) 
and the reaction time is relatively short (ca. 2 h). However, these homogeneous 
catalysts cannot be directly removed from the biodiesel product. Moreover, these base 
catalysts are sensitive to water and free fatty acid in the system, resulting in the soap 
formation and leading to the reduction of the biodiesel yield. Thus, the traditional 
catalysts require high-quality feed stock, resulting in the price increase of biodiesel 
(Sprules and Proce, 1950, Schuchardta et al., 1998, Demirbas, 2003, and Serio et al., 
2008). Therefore, new heterogeneous catalysts are sought-after to be developed for 
benign environmental catalytic system as well as the cost reduction of biodiesel 
production.  
 There are many solid base catalysts reported for transesterification of oil and 
alcohol. Kim et al. (2004) reported about Na/NaOH/γ-Al2O3 solid base catalyst for 
transesterification of soy bean oil and methanol with n-hexane as a co-solvent. 
Narasimharao et al. (2007) presented Cs-doped heteropolyacid catalysts for 
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transesterification of tributyrin. Yan et al. (2009) also reported ZnO-La2O3 for 
transesterification of oil and methanol. The reported catalysts showed the good 
catalytic performance with the average condition and high yield. Also, the mechanism 
of the solid base catalysts for the catalyst is shown in Figure 2.5. 
 
Figure 2.5 Schematic representation of possible mechanism for transesteriﬁcation of 
triglyceride with methanol (Yan et al., 2009). 
 
2.2.2 Acid Catalysts 
 The acid-catalyzed transesterification process is not as popular as the base-
catalyzed process in commercial applications, due to the fact that the acid-catalyzed 
reaction is much slower than base-catalyzed reaction. However, acid-catalyzed 
transesterification holds an important advantage over base-catalyzed one: the 
performance of the acid catalyst is not strongly affected by the presence of FFAs in the 
triglyceride feedstock. In fact, acid catalysts can simultaneously catalyze both 
esterification and transesterification. Thus, a great-advantage with acid catalysts is that 
they can directly produce biodiesel from low-quality feed stocks, generally associated 
with high FFA concentrations such as waste cooking oil and greases, commonly with 
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FFAs levels ≥ 6% (Lotero et al., 2005). Perez (2003) and Liu et al. (2007) reported that 
an acidic condition was required to perform transesterification when raw oil feed is of 










Figure 2.6 Mechanism of homogeneous acid transesterification (Lotero et al., 2005). 
 
The mechanism of homogeneous acid-catalyzed transesterification is shown in 
Figure 2.6 (Lotero et al., 2005). In contrast with the base-catalyzed transesterification, 
the protonation of the carbonyl oxygen results in an increase in the electrophilicity of 
the adjoining carbon atom, making more susceptible to nucleophilic attack of the 
carbon atom. This crucial difference, i.e., the formation of a more electrophilic species 
(acid catalysis) versus that of a stronger nucleophile (base catalysis), is ultimately 
responsible for the observed differences in activity (Schuchardta et al., 1998, Ma and 
Hanna, 1999 and Hideki et al., 2001). 
For acid-catalyzed transesterification, acids such as sulfuric, phosphoric, 
hydrochloric, and organic sulfonic acids are used; however, the most commonly used 
is sulfuric acid, H2SO4 (Hideki et al., 2001). In a pioneering work, Freedman et al. 
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(1984) examined the transesterification kinetics of soybean oil with butanol at a oil-to-
alcohol molar ratio of 30:1, using 1 mol % H2SO4 as the catalyst. They obtained 99% 
conversion of the oil at 65 
o
C in a 50-h reaction. They also found that during the initial 
period, the reaction was mass-transfer-controlled that resulted from the low miscibility 
of non-polar oil phase and polar alcohol-catalyst phase. In the second period, it was 
controlled by the sudden surge of ester product formation. Finally, the last period was 
determined once equilibrium had approached near complete reaction. 
There are a few concerns when using acids as catalysts for transesterification of 
triglycerides with alcohols. Firstly, acid-catalyzed transesterification requires high 
alcohol-to-triglyceride molar ratio. Freedman et al. (1984) reported that 
transesterification of soybean oil with different kinds of alcohol using 1 mol % H2SO4, 
was unsatisfactory when the methanol-to-triglyceride molar ratios were 6:1 and 20:1. 
However, at the molar ratio of 30:1, it resulted in a high conversion for methyl ester. 
However, an alkali-catalyzed reaction required only a 6:1 ratio to achieve the same 
ester yield for a given reaction time (Freedman et al., 1986). Canakci and Gerpen 
(2007) studied the effect of the reagent molar ratio on the reaction rates and product 
yield in the transesterification of soybean oil with methanol by H2SO4. Five different 
molar ratios, from 3.3:1 to 30:1, were studied. Their results indicated that ester 
formation increased with increasing molar ratio, reaching its highest value, 98.4%, at 
the highest molar ratio used, 30:1. Suppes et al. (2004) also determined the effect of 
molar ratio within the range of 3:1-23:1 and concluded that the highest molar ratio 
required for complete transesterification could be found between 35:1 and 45:1 by 
extrapolation.  
Secondly, high reaction temperature and long reaction time are required. In the 
transesterification of soybean oil and butanol catalyzed with 1 wt % H2SO4, five 
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different temperatures from 77 to 117 °C were examined. It was found that increasing 
temperature had a significant effect on the reaction rate with near complete conversion 
of triglycerides at 117 °C with 3 h reaction time, while comparable conversions at 
77 °C with reaction time of 20 h (Freedman et al., 1986). At higher reaction 
temperatures, the extent of phase separation decreased and rate constants increased, 
due to the higher temperature as well as improved miscibility, leading to substantially 
shortened reaction time. The effect of temperature was even more obvious at higher 
temperatures and pressures (Lotero et al., 2005). 
 
Solid acid catalysts 
To easily recover the catalysts, solid acid catalysts have become an interesting 
alternative for biodiesel production. Examples of solid acid catalysts in reported 
literature are sulfonic ion-exchange resin, Amberlyst-15, sulfated zirconia, sulfated tin 
oxide, sulfated zirconia-alumina, Nafion NR50, tungstated zirconia, tungstated 
zirconia-alumina and alumina phosphate catalyst etc. The catalysts above showed 
reasonably good activities, and could overcome the drawbacks from handling of liquid 
mineral acids but their applications required high temperatures (>200 ºC) and long 
reaction time (> 20 h) (Tyagi and Vasishtha, 1996, Vicente et al., 1998, Kaita et al., 
2002, Furuta et al., 2004, Narasimharao et al., 2007 and Sarin et al., 2007). 
Table 2.1 shows a summary of the catalytic performance of some solid acid catalysts 
reported for biodiesel production. Sulfated zirconia supported on SBA-15 by direct 
synthesis
 
(Chen et al., 2007) was used as a catalyst for esterification of fatty acids with 
methanol; however, the reactant used in this reaction is not the typical reactant used in 
biodiesel industry. Generally, a bulky triglyceride molecule (such as palm oil) is 
usually used in biodiesel industry. In addition, catalyst deactivation and reusability 
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have not been reported (Chen et al., 2007). Although the unsupported sulfated zirconia 
(Jitputti et al., 2006)
 
produced high FAME yield, the reaction was carried out at high 
pressure and the catalyst showed tremendous leaching of sulfate with only one round 
of reusability test (Jitputti et al., 2006). Sulfated zirconia supported on SBA-15 by 
direct synthesis (Chen et al., 2007) and sulfonated SBA-15 (Mbaraka et al., 2006) 
required a large amount of catalyst for high conversion. Hydrated zirconia supported 
with (NH4)6H2W12O40 (Furuta et al., 2004), alumina-doped zirconia (Furuta et al., 2006) 
and mesoporous SnO2/WO3 (Sarkar et al., 2010) required a massive amount of 
methanol for high FAME yield. Hydrous zirconia (Jacobson et al., 2008) supported 
with WO3 and sulfated titania (deAlmeida et al., 2008) showed very low catalytic 
performance. Transesterification of soybean oil with methanol catalyzed by either 
alumina-doped zirconia (Furuta et al., 2006) or hydrated zirconia supported with 
(NH4)6H2W12O40 (Furuta et al., 2004) in a fixed bed reactor gave very low production 
rate and required a large amount of methanol for high yield of FAME. 
Table 2.1 Comparison of reported solid acid catalysts 
Catalyst Reaction Conditions* % Yield Comment Reference 
Sulfated zirconia 
supported SBA-15 
by direct synthesis 
Lauric acid (LA) & palmitic 
acid (PA), 1:10 weight ratio, 





No data reported about 
deactivation behaviour and 
reusability 
Chen et al. 2007 
Sulfated zirconia Palm kernel oil (PO) & 
coconut oil (CO), 1:6 molar 
ratio, 200 ºC, 50 bar, 2 h, 3 
wt% catalyst 




Strong deactivation Jitputti et al., 2006 
Hydrated zirconia 
+ (NH4)6H2W12O40 
Soybean oil, 1:40 molar ratio, 
200 ºC, ﬁxed bed, flux = 0.75 g 
oil/ g cat*h 
> 90% Very high methanol consumption, 
slow production rate 
Furuta et al., 2004 
Hydrous zirconia 
+ WO3 
Waste cooking oil, 1:6 molar 
ratio, 200 ºC, 10 h, 3 wt% 
catalyst 




Soybean oil, 1:40 molar ratio, 
200 ºC, ﬁxed bed, flux = 0.75 g 
oil/ g cat*h 
>97% Very high methanol consumption, 
slow production rate 
Furuta et al., 2006 
Sulfonated SBA-
15 
Flotation beef tallow, 1:20 
molar ratio, 120 ºC, 2 h, 10 
wt% catalyst 




Oleic acid, 1: 120 (ethanol) 
molar ratio, 80 ºC, 2 h, 1.7 
wt% catalyst 
92% Very high ethanol consumption Sarkar et al., 2010 
Sulfated Titania Soybean oil (SO) & Castor oil 
(CO), 1:6 molar ratio, 120 ºC, 
1 h, 1 mol % 
40% for SO 
and 25% for 
CO 
Low yield and no reusability test 
reported 
deAlmeida et al., 
2008 
* A: B ratio is oil or fatty acid or triglyceride: alcohol 
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2.2.3 Biocatalysts 
Enzymes are proteins and biological catalysts used by living organisms. These 
extraordinarily good catalysts have pockets called active sites where the substrate 
specifically fits and binds. All the bond formation and bond breaking take place at the 
active sites. They offer various advantages over chemical synthesis such as lower 
energy requirements, enhanced selectivity and quality of the product (Table 2.2) 
(Hideki et al., 2001). 
 
Table 2.2 Comparison of alkaline catalysis and lipase catalyst process 
 
Alkali-catalysis process Lipase-catalysis process 
Reaction temperature 
Free fatty acid in raw materials 
Water in raw materials 
Yield of methyl esters 
Recovery of glycerol 
Purification of methyl esters 
Production cost of catalyst 
60 – 70 oC 
Saponified products 













Enzyme catalyzed transesterification processes using lipase has gained 
attention due to the simplicity in recovery of glycerol and purification of FAME 
product. Lipases are the most widely used and studied of all enzymes. Table 2.3 shows 
a summary of lipase-catalysis transesterification with various kinds of alcohol (Hideki 
et al., 2001). Lipase is widely used due to its stability at elevated temperatures and a 
wide pH range, ease of handling and ability to function in both aqueous and non-
aqueous media. To date, this technology is not yet fully commercially developed with 
new results being reported in many recent articles and patents. The research studies in 
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this area of work mainly focus on optimizing the reaction conditions such as solvent, 
temperature, pH, type of microorganism that generates the enzyme and the 
immobilization of entire cell in order to establish suitable characteristics for an 
industrial application. Immobilization of these lipases ensures reusability and provides 
ease of product work-up, thus overcoming one of the drawbacks associated with their 
use (Canakci and Gerpen, 2007). 
 
Table 2.3 Enzymatic transesterification using various types of alcohol and lipase 
(Hideki et al., 2001) 
Oil Alcohol Lipase Conversion(%) Solvent 
Rapeseed 2-Ethyl-1-hexanol C. rugosa 97 None 
Mowrah, Mango 
Kennel, Sal 
C4 – C18 alcohols 
M. meimei 
(Lipozyme IM-20) 
86.8 – 99.2 None 
Sunflower Ethanol M. meimei  (Lipozyme) 83 None 




P. cepacia (Lipase PS-30) 













M. meimei (Lipozyme IM60) 
C. antarctica (Lipase 
SP435) 
M. meimei (Lipozyme IM60) 





















Palm kennel Methanol 
Ethanol 





 a Methanol, ethanol, propanol, butanol, and isobutanol 
 b Isopropanol and 2-butanol 
 
The costs of biodiesel production using lipase enzyme can be lowered by future 
development in genetic engineering which could produce lipase with higher levels of 
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stability and expression towards the alcohol reactants. However, to date, the reaction 
yields, as well as the reaction times and cost of production are still unfavorable 
compared to the conventional base catalyzed reaction method (Perez, 2003, and 




Enzymes need to be immobilized for several reasons such as reusability and 
stability. Activity of immobilized enzyme catalysts is well known to be dependant on 
their support properties such as hydrophilicity and porosity (Santaniello et al., 1992). 
Enzyme can be immobilized onto supports by several methods i.e., crosslinking, 
covalent attachments, physical entrapment and physical adsorption. Mostly, the solid 
supports used are polymeric resins, natural polymeric derivatives, organic gels, fibers, 
zeolites and mesoporous molecular sieves (Kim et al., 2008). Among these supports, 
mesoporous materials have attracted interest due to their suitable pore size for the 
enzyme molecules and high surface area. The enzyme immobilized onto mesoporous 
support shows higher thermal and pH stability than native enzyme.  
These materials usually have large surface areas which provide a high 
volumetric enzyme loading. Amongst them, mesoporous silica particles have gathered 
significant attention. This is due to the pore structure of the mesoporous silica which is 
highly ordered with rigid, open and uniform pore as well as high pore volume with 
large surface area. Mesoporous silica supports such as MCM-41, SBA-15 have been 
used for bio-immobilization.  However, the interaction between surface silanol groups 
of mesoporous materials and NH or C=O groups of the enzyme is not strong enough. 
Thus, the leaching of the enzyme from mesoporous supports during application is 
always a major problem (Zhao et al., 1998 and Song et al., 2005). 
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2.3 SBA-15 
 The synthesis of large pore-size mesoporous molecular sieves discovered in the 
early nineties has open the way to their numerous and successful applications in 
various fields of heterogeneous catalysis for many industries (Kresge et al., 1992 and 
Zhao et al., 1998). These materials have unique textural characteristics, high surface 
area, large pore volume and narrow pore size distribution of periodically arranged 
mesoporous channels giving rise to their extensive utility as catalysts and sorption 
media (Sayari, 1996). 
 The discovery of M41S-type ordered mesoporous materials has led to a new 
class of periodic porous solids. Mesoporous silica structures have been regarded as 
ideal supports for heterogeneous catalysts due to their high-surface area, tunable pore 
size and alignment with MCM-41 and SBA-15 being the two most commonly used. 
However, the silica walls of MCM-41 are thin which results in low stability in the 
presence of water. It loses its hexagonal structure when treated in boiling water for a 
short period of time. This lack of hydrothermal stability is its main drawback when 
applied to reactions requiring the presence of water (Gallas and Lavalley, 1900, and 
Kim and Ryoo, 1996). 
The SBA-15 framework synthesis reported by Zhao et al. (1998) has a highly 
ordered hexagonal mesostructure with parallel channels and adjustable pore size in the 
range of 5-30 nm. This size regime is relevant to catalysis, since the catalytically active 
component are metal particles in the 1-10 nm size range. SBA-15 is well suited as a 
structure that can contain individual metal particles within its mesopores, and the pores 
are wide enough to permit facile diffusion of reactants and products. SBA-15 is also 
reported to show higher thermal and hydrothermal stability by maintaining its structure 
stability in boiling water for long periods up to 48 h. Another unique feature of SBA-
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15 is the existence of dual pore system formed by hexagonally arranged cylindrical 
micropores within its wall, providing connectivity between larger pores (Imperor-Clerc 
et al., 2000, Galarneau et al., 2003 and Yang et al., 2003). 
Zhao et al. (1998 and 1998) reported that the solubilization of nonionic 
poly(alkyene oxide) surfactants and block copolymers in aqueous media was due to the 
association of water molecules with the alkylene oxide through hydrogen bonding. 
This association should be enhanced in acidic media in which the hydronium ions 
(H3O
+
), instead of water molecules, are associated with the alkylene oxygen atoms 
hence resulting in enhanced long range coulombic interactions. Therefore, if conducted 
below the aqueous isoelectric point of silica, cationic silica would be available as 









Under these conditions, highly ordered hexagonal mesoporous structures could be 
synthesized in the presence of triblock copolymers such as Pluronic P123, 
[(EO)20(PO)70(EO)20]. 
A cooperative formation mechanism, in which the silicate species are 
associated to the surfactant micelles and the polycondensation of the silicate species, 
results in the formation of the final micellar configuration and mesostructure product is 
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Figure 2.7 Schematic representation of the formation mechanism of SBA-15 
(Zhao et al., 1998). 
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3.1 List of Chemicals 
 Triblock poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene 
oxide) (P123,EO20-PO70-EO20, Mav = 5800) from Aldrich 
 Tetraethyl orthosilicate (TEOS) from Aldrich 
 Hydrochloric acid from Aldrich 
 Zirconium n-propoxide (Zr(OC3H7)4 ,70% in n-propanol solvent) from 
Aldrich 
 Zirconium chloride (ZrCl4) from Aldrich 
 Cerium (III) nitrate hexahydrate from Aldrich 
 Calcium hydroxide from Merck 
 Ammonium hydroxide, 25% in H2O from Merck  
 Palm oil from Aldrich 
 Methanol from Tedia 
 Ethanol from Merck 
 Hexane from Tedia 
 Tetrahydrofuran from Tedia 
 Aminopropylethoxysilane from Aldrich 
 Candida Antarctica Lipase (EC 3.1.1.3) from Biochemical/Fluka 
 Candida Antarctica Lipase immobilized on acrylic resin from Sigma 
 Bradford agent from Sigma 
 Phosphate buffer of pH 7 from Fluka  
 Hydrochloric acid (HCl) (37%) from Merck 
 Sulfuric acid (H2SO4)(95-97%) from Merck 
 Glutaraldehyde from Aldrich 
 Dicholophenylsilane from Aldrich 
 Barium Chloride (BaCl2) from Aldrich 
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3.2 Catalysts preparation 
This section describes the preparation of the materials used in this thesis: SBA-15, 
sulfated zirconia (SZ), sulfated zirconia supported SBA-15 (SZS), functionalized 
passivated-SBA-15 (FPS), functionalized non-passivated-SBA-15 (FNPS), mixed 
oxides of calcium and cerium (CaO-CeO2) and calcium-doped cerium-incorporated 
SBA-15 (Ca/CeS). In addition, the enzyme immobilization method is described in this 
section.   
 
3.2.1 Synthesis of SBA-15 
The pure siliceous SBA-15 was prepared according to a reported procedure 
(Zhao et al., 1998). The molar composition of gel was 1 SiO2: 0.017 P123: 2.9 HCl: 
202.6 H2O. Pluronic triblockpoly(ethylene oxide)-poly(propylene oxide)-poly(ethylene 
oxide) copolymer or P123 was used as surfactant template. Four gram of P123 was 
dissolved in the DI water. After the P123 had completely dissolved, 11.4 g of 2 N 
hydrochloric acid (HCl) and 8.4 g of tetraethylorthsilicate (98%) or TEOS was added 
to the mixture. The mixture solution was stirred at 40 ºC for 24 h before being 
transferred to a polypropylene bottle and heated at 100 C for 48 h under static 
condition. The white solid was filtered, washed with copious DI water. Then, the 
filtered pure white powder was dried at 60 °C in oven overnight. The white solid 
resultant was calcined to remove the P123 template at 550 °C with the ramping rate of 
5 ºC/min for 8 h. 
 
3.2.2 Synthesis of sulfated zirconia and sulfated zirconia supported SBA-15 
Sulfated zirconia (SZ) was prepared by the hydrolysis of anhydrous ZrCl4 in an 
ammonia solution with a pH of 9–10 (Xia et al., 2000 and 2002). After drying at 
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100 °C, the solid product was immersed in a 0.5 N H2SO4 solution at room 
temperature for 30 min. The solid product was subsequently filtered, dried at 70 ºC and 
calcined at 600
 
ºC for 3 h. 
The post synthesis method was used to synthesize sulfated zirconia supported 
on SBA-15. The SBA-15 was dispersed into a solution containing zirconium (IV) n-
propoxide (73.97%) and n-hexane with different Si/Zr molar ratios. The mixture was 
stirred until all the solvent has evaporated (Xia et al., 2000 and 2002). The solid 
product was dried at 100 ºC for 4 h, and then immersed into 0.5 N H2SO4 and stirred 
for half an hour. The sulfated solid product was filtered and dried at 70 °C, followed 
by calcination at 600 °C for 3 h.  The resultant solid was designated here as SZS-x, 





Figure 3.1 Reaction path way for the synthesis of SZS-x. 
 
3.2.3 Synthesis of functionalized non-passivated-SBA-15 and functionalized 
passivated-SBA-15 
Functionalized non-passivated-SBA-15 (FNPS) was prepared according to the 
method of Song et al. (2005). One gram of pure calcined SBA-15 was mixed with 3-
aminopropyltriethoxysilane (APES) in 30 ml of 1,4-dioxane under reflux for 24 h. The 
resulting white solid was filtered off, washed with diethyl ether, and dried under 
vacuum. The reaction is illustrated in Figure 3.2. 
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Figure 3.2 Functionalization of SBA-15 by APES. 
 
Functionalized passivated-SBA-15 (FPS) was prepared according to the 
reported procedure by Li and Kawi (2008). The external silanol groups of SBA-15 
were passivated, which blocked the silanol groups outside the mesoporous channels 
(Shephard et al., 1998). One gram of SBA-15 powder in a two-necked bottle flask was 
pretreated under vacuum at 200 ºC for 2 h to remove the physically adsorbed water and 
then dried at 100 ºC overnight. Fifty ml of dried tetrahydrofuran (THF) and 0.2 ml of 
dichlorodiphenylsilane (DCPS) were added as the solvent and the cross linking agent, 
respectively. The mixture was stirred for 1 h (Shephard et al., 1998 and, Li and Kawi, 
2008).  Subsequently, to functionalize amine groups onto the surface of SBA-15, the 
mixture was immediately cooled under liquid nitrogen bath before 2 ml of APES was 
added. The mixture was stirred for 3 h in liquid nitrogen bath. Afterwards, the 
temperature was slowly increased to room temperature and the mixture was stirred 
further for another 20 h at 50 ºC before it was filtered and washed with copious amount 
of THF. The slurry was first dried for a few hours at room temperature before it was 
dried in a vacuum oven.  
 
3.2.4 Immobilization of Candida antarctica lipase enzyme 
Fifty mg of FPS or FNPS support was incubated in 7.5 ml of 0.1% 
glutaraldehyde solution (100 mM sodium phosphate, pH 8.0) for 1 h to change the 











 Si(CH2)3NH2             
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support was washed 5 times with the sodium phosphate buffer, pH 8.0 (Kim et al., 
2008). After washing, the activated support was incubated in lipase solution (4 mg/ml 
Candida antarctica lipase (EC 3.1.1.3) in 10 mM sodium phosphate buﬀer, pH 6.5) at 
room temperature under shaking condition (250 rpm). After 24 h incubation, the 
immobilized catalyst was excessively washed ten times using an aqueous buﬀer (100 
mM sodium phosphate buﬀer, pH 6.5) and dried at 4 ºC. The resultant solid was 
designated here as Lp/FPS or Lp/FNPS. 
The immobilized lipase on SBA-15 was prepared using the same procedure as 
that of the immobilized lipase on FPS or FNPS support, except that no glutaraldehyde 
was used during the immobilization of lipase on SBA-15. 
 
3.2.5 Synthesis of mixed oxide of calcium and cerium 
 Mixed oxide of calcium and cerium catalyst (CaO-CeO2) was prepared using a 
simple gel formation via gentle co-precipitation as follow: 1 N cerium nitrate solution 
and 1 N of calcium nitrate solution were homogeneously mixed in various molar ratios 
(i.e., 1 mol Ca to zero mol Ce, 1 mol Ca to 3 mol Ce, 1 mol Ca to 1 mol Ce, 3 mol Ca 
to 1 mol Ce, and zero mol Ca to 1 mol Ce and the catalyst is respectively designated as 
1Ca0Ce, 1Ca3Ce, 1Ca1Ce, 3Ca1Ce and 0Ca1Ce). The pH value of the solution was 
very slowly adjusted to 7-9 with 2 N of ammonia aqueous solution. After pH 
adjustment, the solution was continuously stirred for 1 h to complete the precipitation 
process. The mixture was dried overnight at 100 ºC, followed by calcination at 650 ºC 
with calcination rate of 1 °C/min for 8 h. After calcination, the catalyst was 
immediately kept in the vacuum oven before used for catalytic study. 
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3.2.6 Synthesis of Ca-doped Ce-incorporated SBA-15 
Cerium-incorporated SBA-15 was synthesized via direct synthesis method (Dai 
et al., 2007) as follows: 4 g of P123 template was added into 138 ml of DI water. After 
P123 completely dissolved, certain amount of cerium (III) nitrate hexahydrate was 
added in the solution, followed by addition of 11.4 g of 2 N HCl and 8.4 g of TEOS. 
The mixture was stirred at 40 ºC for 24 h before the pH of mixture was slowly adjusted 
by ethylenediamine. Then, the mixture was stirred further at 40 ºC for 4 h followed by 
crystallization at 100 ºC for 24 h under static condition. The product was filtered, 
washed with DI water, dried 60 ºC and then calcined at 550 ºC (3 ºC/min) for 8 h. The 
solid resultant was designated as CeS-x, where x is the loading Si/Ce molar ratio. 
After that, calcium was doped on the CeS-x sample by impregnation method. 
The CeS-x sample was dispersed into DI water follow by adding certain amount of 
calcium nitrate tetrahydrate. The mixture was stirred at 40 ºC. After the mixture dried, 
the solid resultant was calcined at 650 C (3 ºC/min) for 3 h. The catalyst was 
designated as yCa/CeS-x, where the y is amount of loading calcium (wt %) and x is the 
loading Si/Ce molar ratio. 
 
3.3 Transesterification of palm oil and methanol 
 
3.3.1 Catalytic study procedure 
The catalyst was tested for their catalytic activity in the transesterification 
reaction using a batch reactor (Parr 4561 Reactor). Due to the immiscibility of oil and 
methanol, mass transfer may affect FAME yield. To determine the effect of mixing 
speed on the reaction rate, various shaking speeds at 500, 1000, 1200 and 1500 rpm 
were applied in the transesterification under palm oil-to-methanol molar ratio of 1:20 
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at 85 ºC for base catalyst or at 200 ºC for acid catalyst and 5 wt % catalyst. Higher 
yields over both acid and base catalysts were observed to increase with higher mixing 
speed up to 1200 rpm, with no significant difference observed at 1500 rpm. Therefore, 
1500 rpm was chosen as the standard mixing speed. Refined palm oil with acid value ≤ 
0.4 was mixed with 5 wt % catalyst, which was dried at 200 °C for 1 h for acid catalyst 
and pretreated at 650 ºC for 1 h for base catalyst, before used, followed by mixing with 
methanol that had been dried overnight over molecular sieve. The reaction was stopped 
at a certain interval time. The catalyst was filtered from the liquid product. The liquid 
product obtained was vaporized to remove the excessive methanol before diluted with 
n-hexane (Tedia) and kept in the freezer to wait for analysis. 
 The enzymatic activity in transesterification reaction was studied in a screw-
capped vessel under shaking at 250 rpm. Refined palm oil was mixed with 0.4 wt % 
THF before mixed with the immobilized lipase, followed by dried methanol. Palm oil 
to methanol molar ratio was fixed at 1:3 and the reaction temperature was 50 ºC. Upon 
completion of the reaction, the liquid product was mixed with n-hexane and 
centrifuged to collect the upper layer for analysis. 
 
3.3.2 Catalytic reusability and durability study 
To evaluate the reusability of solid acid catalysts, the catalyst collected at the 
end of each reaction cycle was filtered, washed with n-hexane and dried before it was 
analyzed for sulfate content. The catalyst was regenerated by re-sulfation before reused 
for transesterification. After drying at 60 ºC, the collected catalyst was immersed in a 
0.5 N H2SO4 solution at room temperature for 30 min. The regenerated catalysts was 
subsequently filtered, dried at 70 ºC and calcined at 600
 
ºC for 3 h before used.  To 
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evaluate the leaching of sulfate groups, a small portion of used catalysts was used to 
measure the S/Zr molar ratio by EDX. 
 To evaluate the short-term reusability of solid base catalysts, the catalyst 
collected at the end of each reaction cycle was filtered, washed with n-hexane and 
dried before reused for transesterification.  The leaching of catalyst components was 
evaluated using ICP-OES. For long-term durability of solid base catalyst, the catalyst 
was mixed with palm oil and methanol and the transesterification reaction was carried 
out at the optimum reaction conditions. After each reaction cycle, the liquid product 
was separated from the solid catalyst which precipitated at the bottom of the reactor. 
The new batch of palm oil and methanol was then added into the reactor, which 
contained the used catalyst, to continue the next cycle. The FAME yield in the product 
was quantified by using the method mentioned in the next section and the leaching of 
catalyst elements in the product was evaluated using ICP-OES. 
Stability of the immobilized enzyme was evaluated by measuring the residual 
activity of the immobilized enzyme and the amount of enzyme leaching was also 
measured. The fresh catalyst was mixed and shaken in phosphate buffer (pH = 7). At 
specific time intervals, the solid catalyst and the liquid part were separated for the 
activity study and the leaching measurement, respectively (Kim et al., 2008). 
 
3.3.3 Produce Analysis 
 The samples were analyzed by gas chromatography using an Agilent 6890 
Series Gas Chromatograph System equipped with a split/splitless injection system, and 
a flame-ionization detector (FID). The column was a DB-225 capillary column with 
hydrogen as the carrier gas and a split ratio of 50:1. Injector and detector temperatures 
were 250 °C, oven temperature started at 120 °C to 2 min, increased to 230 °C at a rate 
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 The characterization methods and the equipment used are described in this 
section. 
 
3.4.1    X-ray diffraction (XRD) 
 XRD data is widely used as a “fingerprint” in the identification of materials. It 
could be used to determine the crystal lattice dimensions and to identify the structure 
and composition of all types of crystals and related materials. X-ray diffraction (XRD) 
analysis was carried out using a Shimadzu XRD-6000 X-ray diffractometer equipped 
with a Cu K X-ray generator to identify lattice structure under ambient condition. 
The X-ray tube was operated at 40 kV and 30 mA. The sampling pitch was 0.20 and 
the preset time was 0.6 sec. The analysis condition was as follows: the scanning range 
was from 0.7 to 5.00º for low-angle analysis and 10.0 to 80.0º for high-angle analysis 
with a scanning speed of 2.00/min using continuous scan mode. The sample was 
finely ground and placed into an aluminum sample holder. It was important to keep the 
sample surface smooth and even. The holder was then placed in the chamber of 
Shimadzu XRD-6000 to be scanned. 
 
3.4.2 N2 adsorption/desorption analysis  
The N2 isotherms of samples were determined via Autosorb-1 Quantachrome for 
each BET (Brunauer-Emmett-Teller) analysis. Approximately 50 mg of sample was 
placed into the sample cell. The samples were first outgassed at 200 ºC for about 12 h. 
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The weight of samples was measured again to assess the net weight after degassing. A 
glass rod was then placed into the sample cell to reduce the dead space. The sample 
cell was then placed into the analysis station.  Liquid nitrogen at 77.4 K was used as 
the adsorbate. The low temperature of 77.4 K was achieved by immersing the sample 
cell into a flask of liquid nitrogen throughout the period of analysis. Nitrogen was used 
as the adsorbate because its molecules are relatively spherical and small. The various 
parameters, including the sample weight and other arbitrary parameters were entered 
as inputs and the analysis was then performed. The specific surface areas and the pore 
structures of supports were calculated based on BET method and Barrett-Joyner-
Halenda (BJH) desorption isotherm method, respectively. 
 
3.4.3 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
The weight content of the catalyst compositions was determined by inductively 
coupled plasma optical emission spectroscopy (ICP-OES). For ICP measurements, 
0.05 g of solid samples was firstly dissolved in 40% hydrofluoric acid (HF) to dissolve 
the silica component of the sample in a Teflon bottle. After hydrofluoric acid (HF) was 
evaporated at 100 ºC, 1 ml of 65% nitric acid (HNO3) was added into the reaction 
mixture to completely dissolve the metals. Twenty five ml DI water was added into the 
mixture to dilute the HNO3. A series of standard solution were prepared for analysis 
and the blank solution should be from the same source of DI water used to prepare the 
standard solutions. 
 
3.4.4 X-ray photoelectron spectroscopy (XPS)  
 XPS spectra were obtained using AXIS HIS (Kratos Analytical Ltd., U.K.) 
with an Al Kα X-ray source (1486.71 eV protons), operated at 15 kV and 10 mA. The 
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pressure in the analysis chamber was maintained below 10
-8
 torr during each 
measurement. All spectra were fitted by a software package XPSpeak 4.1 with the 
subtraction of Shirley (for transition metals) or linear background (for other elements) 
and a ratio of 0% Lorentzian-Gaussian. In charge-up correction, the calibration of 
binding energy (BE) of the spectra was referenced to the C 1s electron bond energy 
corresponding to graphitic carbon at 284.6 eV. 
 
3.4.5 Transmission electron microscopy (TEM) 
 Before measurement, the sample was dispersed in ethanol and then dripped and 
dried on a copper grid. In the operation of TEM, an electron beam is focused on a 
specimen and part of the electron beam is transmitted. This transmitted portion is 
focused by objective lens into an image and the image is passed down through enlarge 
lenses and a projector lens, being enlarged all the way. In the experiment, the TEM 
was used to characterize the internal structure of particles and the TEM images were 
obtained on a JEOL 2010 and JEM 2010F transmission electron microscope operated 
at an acceleration voltage of 200 kV. 
 
3.4.6 Scanning electron microscopy with energy-dispersive X-ray analysis system 
(SEM-EDX) 
 SEM images were measured on a JEOL-6700F scanning electron microscope, 
which was operated at an acceleration voltage of 10kV and filament current of 60 mA. 
Before measurement, the samples were stuck onto a double-face conducted tape 
mounted on a metal stud and coated with platinum with a sputter coater (JEOL JFC-
1300 Auto fine coater). JEOL JSM-5600LV was equipped with EDX mode to analyze 
the composition of the catalyst. 
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3.4.7 Thermal analysis  
Thermogravimetric analysis experiments were carried out on a combined DTG-
TGA from SHIMADZU DTG-60. Simultaneous DTG-TGA measurements were 
obtained under constant air flow (50mL/min) at a uniform heating rate of 10 °C per 
minute from 25 to 800 °C. Approximately 10 to 15 mg of samples was used for each 
experiment. 
 
3.4.8 FTIR analysis 
FTIR is used to identify the functional groups such as amino groups, and amide 
groups etc. present in the catalyst molecules in order to give some information of the 
molecule structure of the catalysts. About 15 mg of samples was finely ground and 
pressed (at 4 ton/cm
2
 pressure for 15 minutes) into a self-supported wafer. Shimadzu 
FTIR-8700 spectrometer was performed with a 2 cm
-1
 resolution for 40 scans. 
 
3.4.9 In-situ FTIR for pyridine adsorption measurement 
To determine the acidity and the nature of the acid site of the solid acid 
catalysts, 10 mg of samples was pressed at pressure of 1 ton cm
-2
 for 2 min into a self-
supported wafer 16 mm in diameter. Prior to the adsorption of pyridine, the wafer was 
treated under vacuum at 150 ºC for 1 hr. After the sample was cooled to room 
temperature, pyridine vapor was admitted to the IR cell for 30 min. After saturation, 
the sample was degassed at 150 ºC and measured by Shimadzu FTIR-8700 
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3.4.10 Ammonia temperature-programmed desorption (NH3-TPD) 
NH3-TPD was carried out by Chembet-3000 temperature program equipment. 
Before NH3-TPD, 0.1 g of sample was pretreated at 200 °C in flowing He for 2 h. The 
NH3 adsorption was carried out at 120 °C, and the desorption of NH3 was started at 
120 °C and continued until 800 °C at 10 °C/min (Chen et al., 2007). 
 
3.4.11 Ion-exchange titration 
0.2 g of catalyst was added to 10 ml of a 3.42 M aqueous solution of NaCl 
under stirring. After 30 h of ion exchange at 28 ºC between the catalyst H
+
 ions and the 
Na
+
 ions in solution, the liquid was filtered off and titrated with a 0.05 N aqueous 
NaOH solution. The endpoint for titration was determined using a pH meter (pH ~ 7) 
and corroborated using pH paper (Lopaz et al., 2007). 
 
3.4.12 Hammett indicator-benzene carboxylic acid titration 
The basic strength of the catalyst was determined by Hammett indicator 
method (Kim et al., 2011). The indicators used were as follows: methyl red (pKBH = 
4.2), neutral red (pKBH = 6.8), bromothymol blue (pKBH = 7.2), phenolphthalein (pKBH 
= 9.8), and 4-nitroaniline (pKBH = 18.0). Basicity of the catalyst was measured by the 
method of Hammett indicator-benzene carboxylic acid (0.02 mol/l anhydrous methanol 
solution) titration (Gorzawski et al., 1999).
 
 
3.4.13 IR-Raman spectroscopy 
To measure the IR-Raman spectra of the prepared sample, certain amount of 
sample was put in the holder. IR-Raman spectra were recorded in a Bruker Equinox 55 
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with a Nd-YAG laser (450 nm). The signal of the IR-Raman spectrometer was 
calibrated using sulfur powder. 
  
3.4.14 Diffuse-reflectance UV-vis (DRUV) 
Diffuse-reflectance UV-vis (DRUV) spectra were measured by SHIMADZU 
UV-2550 UV-VISIBLE spectrophotometer. The diffuse reflectance ultraviolet-visible 
spectra were recorded under ambient conditions. The catalyst samples were packed 
onto the Teflon holder prior to measure the absorbance band of the catalyst. The 
measurements were recorded from 500-200 nm. 
 
3.4.15 Enzyme content measurement 
The enzyme amount leaching from the support was measured by UV 
absorbance at 595 nm using a ShimadzuUV-3101 spectrophotometer. The enzyme 
leaching out into the washing solution was mixed with Bradford solution from Sigma 
(Bradford, 1976) before being measured the UV absorbance at 595 nm.  The final 
enzyme loading on the support was calculated from the difference between the initial 
lipase amount and the amount of lipase leached into the washing solution. 
 
3.4.16 Magic-angle spinning-nuclear magnetic resonance (MAS-NMR)  
 Nuclear magnetic resonance (NMR) spectroscopy uses high magnetic 
fields and radio-frequency pulses to manipulate the spin states of nuclei. The position 
of NMR peaks reflects the chemical environment and nucleic positions of the atoms 
within the molecule. Chemical shift is defined as nuclear shielding / applied magnetic 
field. It is measured relative to a reference compound. Solid-state magic-angle 
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spinning nuclear magnetic resonance (MAS-NMR) spectra were collected on a Bruker 
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Solid acid catalysts have become an interesting alternative for biodiesel 
production, especially for low-quality feed stocks, such as waste cooking oil. Solid 
acid catalysts are advantageous because the catalyst separation process is easier than 
for the homogeneous catalysts, and solid acid catalysts can be regenerated with simple 
methods (such as filtration or precipitation) (Ma and Hanna, 1999, and Suppes et al., 
2004). 
Examples of solid acid catalysts reported in the literature are sulfonic ion-
exchange resin, Amberlyst-15, sulfated zirconia, sulfated tin oxide, sulfated zirconia-
alumina, Nafion NR50, tungstated zirconia, tungstated zirconia-alumina and alumina 
phosphate. These catalysts exhibited reasonably good activities and could overcome 
the drawbacks from handling of liquid mineral acids; however, their applications 
required high temperatures (>200 ºC) and long reaction times(>20 h) (Tyagi and 
Vasishtha, 1996, Vicente et al., 1998, Kaita et al., 2002, Furuta et al., 2004, 
Narasimharao et al., 2007 and Sarin et al., 2007). 
Among the solid acid catalysts used for transesterification, sulfated zirconia 
(SZ) has attracted considerable attention because of its “superacid” property (Xia et al., 
2000). Although many studies have been carried out on the transesterification of oil 
with SZ as a catalyst, SZ has several drawbacks. The catalytic activities of SZ are 
relatively low, the reaction conditions required for SZ catalyst are severe and the 
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reusability of the SZ catalyst is limited (Furuta et al., 2004, Jitputti et al., 2006 and 
Garcia et al., 2008). In addition, the lack of uniform pore size and low surface area of 
the SZ catalyst limit its applications for catalyzing bulky molecules such as oil 
molecules (Xia et al., 2000 and 2002, and Chen et al., 2007). 
The discovery of mesoporous materials has offered new opportunities for 
improving SZ catalytic performance. There are many works on the application of 
sulfated zirconia on mesoporous materials to catalyze various reactions, such as the 
isomerization of alkane and found that supporting sulfated zirconia on mesoporous 
materials (i.e. MCM-41) can improve the catalytic activity of the catalyst (Cheung and 
Gates, 1997, Xia et al., 2002, Wang et al., 2002, and Li and Kawi, 2007). Chen et al. 
(2007) used and Du et al. (2009) synthesized sulfated zirconia supported SBA-15 for 
esterification of fatty acid and alcohol and they found that the catalytic activity 
improved. However, in biodiesel industry, the reactant required for transesterification 
reaction is a bulky molecule and up to now, transesterification of bulky molecules 
(such as palm oil) with methanol by using sulfated zirconia supported on mesoporous 
material has not been reported.  
In this chapter, sulfated zirconia supported on three silica supports (i.e., SBA-
15, MCM-41 and amorphous silica) was synthesized by a post synthesis method as a 
catalyst for the transesterification of palm oil and methanol. The best support among 
these three materials was selected for further study in terms of characterization and 
catalytic activity. The effects of the catalyst parameters (such as Si/Zr and S/Zr molar 
ratios and amount of catalyst), and reaction parameters (such as palm oil-to-methanol 
molar ratio and reaction temperature) were also studied. 
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4.2 Results and discussion 
 
4.2.1 Comparison of different silica supports on the catalytic performance 
 In this section, three types of silica supports (i.e., SBA-15, MCM-41 and 
amorphous silica) were used to study the effect of supports on the catalytic 
performance. Sulfated zirconia was supported on these three supports via post 
synthesis method, as shown in section 3.1.2 and the loading Si/Zr molar ratio on each 
support was fixed at 2. The catalysts were designated as SZS for sulfated Zr-supported 
SBA-15, SZM for sulfated Zr-supported MCM-41 and SZA for sulfated Zr-supported 
amorphous silica. 
 Figure 4.1 shows the XRD diffraction patterns of SZS, SZM and SZA catalysts. 
The low angle XRD spectrum (Figure 4.1a) of SZS catalyst shows the diffraction lines 
of p6mm hexagonal symmetry of SBA-15 (Zhao et al., 1998). SZM catalyst also shows 
a sharp intense diffraction peak at around 2θ =2.6˚ (d100 reflection line), which was 
consistent with that of MCM-41 XRD pattern (Beck et al., 1992). However, SZA 
catalyst did not show any peak in the low angle region, suggesting that SZA has no 
ordered structure. 
The high angle XRD patterns of SZS, SZM and SZA catalysts are shown in 
Figure 4.2. All of these three catalysts show diffraction peaks at 2θ/º = 30º, 35º, 50º and 
60º, suggesting the presence of the tetragonal ZrO2 crystalline phase on the catalyst 
support. This result suggests that the crystalline ZrO2 phase was formed on these three 
catalysts (Xia et al., 2000 and 2002). It is worth noting that the peak intensity of SZA 
catalyst was high and sharp. However, the peak intensity of SZS and SZM catalysts 
was obviously lower, as compared to that of SZA although the Zr loading on each 
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catalyst was comparable. This result suggests the formation of crystalline ZrO2 phase 
on SZA is more than that on SZM and SZS catalysts. 
 
 
Figure 4.1 XRD patterns of SZS, SZM and SZA catalysts at low angle. 
 
 
Figure 4.2 XRD patterns of SZS, SZM and SZA catalysts at high angle. 
 
Figure 4.3 shows TEM images of SZS, SZM and SZA catalyst. SZS and SZM 
clearly showed an ordered mesoporous structure whereas no ordered structure was 
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observed for SZA catalyst. In addition, the big particles of sulfated zirconia were 
clearly observed on the SZA catalyst. The TEM result is in good agreement with the 
XRD result, suggesting an ordered structure of SZS and SZM catalyst and an 
amorphous structure of SZA catalyst. 
 
 
Figure 4.3 TEM micrographs of SZS, SZM and SZA. 
 
Table 4.1 presents the compositions of SZS, SZM and SZA catalysts. The Si/Zr 
molar ratios of SZS, SZM and SZA catalysts were comparable, suggesting that the 
amounts of Zr content on each catalyst were equal. However, S/Zr molar ratios of SZS 
and SZM catalysts were higher than that of SZA catalyst. It was reported that the 
agglomeration of ZrO2 on catalyst leads to the decrease of numbers of actives sites 
(Zhu et al., 2004 and Rubio et al., 2009). Based on the XRD results and TEM 
microimages, it can be concluded that the formation of ZrO2 crystalline phase on SZA 
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catalyst leads to the decrease of the loss of Zr species to bond with sulfate groups, 
resulting in the low S/Zr molar ratio of SZA catalyst. 
The texture properties of these catalysts are also shown in Table 4.1. It can be 
clearly observed that the pore volume, surface area and pore diameter of the catalysts 
decreased when sulfated zirconia was supported on SBA-15, MCM-41 and amorphous 
silica supports. Surface area, pore size and pore volume of these catalysts decreased 
because the sulfated zirconia was dispersed onto the pores of the supports, respectively, 
leading to the partial blockage of the pores of the supports (Xia et al., 2000 and 2002). 
 
Table 4.1 Textural properties, composition and acidity of SZS, SZM and SZA 
Sample 




















g FAME / 
mol Zr / 
min 
Added Measured* 
SBA-15 ∞ ∞ 950 7.9 1.41 ∞ 40.2 - 
MCM-41 ∞ ∞ 1300 3.1 1.03 ∞ 12.3 - 
Amorphous 
Silica 
∞ ∞ 850 1.9 0.92 ∞ 20.3 - 
SZS 2 4.7 660 6.9 0.75 0.15 342.5 9.56 
SZM 2 4.5 690 2.9 0.58 0.13 365.2 7.64 
SZA 2 4.2 610 1.7 0.62 0.08 177.4 4.19 
* Calculated from ICP-OES technique 
** Calculated by BJH method 
*** Calculated from SEM-EDX 
**** Catalytic Activity – amount of FAME (gram) produced per mol of Zr per min (g of FAME/ mol of Zr/ min) was 
measured at 10 h under reaction conditions as follows: 5 wt % catalyst; PO:ME = 1:20, 200 ºC 
 
Table 4.1 also shows the acidity of these three catalysts measured by the ion-
exchange titration method. High amounts of acid sites (342.5 and 365.2 µmol/g catalyst) 
were measured on the SZS and SZM catalysts, respectively, whereas SZA catalyst had 
only 177.4 µmol/g catalyst; this result indicates the synthesized SZS and SZM catalysts 
generally had much higher densities of acid sites than that of SZA catalyst. It is 
possible due to the fact that Zr species forms a lot of ZrO2 crystalline phase on SZA 
catalyst whereas the Zr species forms less ZrO2 crystalline phase on SZS and SZM 
                             Chapter 4. Transesterification of oil by sulfated Zr-supported mesoporous silica 
 
    46 
catalysts. This result suggests that the agglomeration of ZrO2 on SZA catalyst leads to 
the decrease of numbers of actives sites (Zhu et al., 2004 and Rubio et al., 2009). 
 Catalytic activities of these catalysts were investigated via transesterification of 
palm oil and methanol. The reaction was carried out under palm oil-to-methanol molar 
ratio of 1:20 at 200 ºC with 5 wt % catalyst. 
 
Figure 4.4 Evolution of FAME yield produced over SZS, SZM and SZA catalysts. 
 
 Figure 4.4 shows the percentage FAME yield of SZS, SZM and SZA catalysts. 
The SZS catalyst could produce high FAME yield after 6 h whereas SZM and SZA 
catalysts took longer time to reach high FAME yield (i.e., > 10 h). Catalytic activity of 
each catalyst is shown in Table 4.1. Although the Zr content of each catalyst was 
comparable, SZS catalyst had the highest activity (g of FAME/ mol of Zr/ min). The 
SZS catalyst was higher than SZA due to the greater number of active acid sites on the 
SZS catalysts, as shown in Table 4.1. Although the number of acid sites of SZS 
catalyst was relative to that of SZM catalyst, catalytic activity of SZS catalyst was 
obviously higher than that of SZM catalyst possibly because of the small pore size of 
SZM which is difficult for the bulky oil reactant to flow to the catalyst deposited inside 
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the pore (Lopez et al., 2005 and Yu et al., 2011). This result suggests that this 
limitation could be reduced using catalysts which had the bigger pore size (Yu et al., 
2011). The oil reactant could easily reach the active sites of SZS catalyst which had 
much bigger pore size than the SZM catalyst, as shown in Table 4.1. This result 
suggests that the texture of catalyst plays an important role to the catalytic performance. 
The catalyst should have plenty of active sites for the reaction and the active sites 
should be easily accessible by the reactants. Based on this study, SBA-15 is the 
suitable support for the transesterification of palm oil and methanol. Therefore, SBA-
15 support was selected to study in the subsequent section. 
 
4.2.2 Characterization of SZS-x catalyst 
According to the previous section, SBA-15 was used to support sulfated 
zirconia using post synthesis method. The catalyst was synthesized with various Si/Zr 
molar ratios and it was designated as SZS-x, where x is the loading Si/Zr molar ratio. 
The catalyst was fully characterized and the results are shown below. 
Figure 4.5 and 4.6 show the XRD spectra of the synthesized SZS-x catalysts.  
The low angle XRD spectra (Figure 4.5) of SZS-x samples show the diffraction lines of 
(100), (110), and (200) at 2θ of ca. 1.0, 1.6 and 1.9, respectively, which are indexed to 
the p6mm hexagonal symmetry of SBA-15 (Zhao et al., 1998). No shifting of peak 
could be observed but a decrease in intensity of the (100) peak and the disappearance 
of the (110) and (200) peaks occurred with increasing Zr loading. The decrease in 
intensity of the three peaks is attributed to the limited increase in the disordered 
structure of SBA-15 after the zirconium loading and sulfation processes.  The XRD 
results indicate that the SZS-x catalysts could retain their hexagonal structure even with 
high amounts of zirconium and sulfate groups supported on the SBA-15 surface. 
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Figure 4.5 XRD patterns of SZS-x with different Si/Zr molar ratio at low angle. 
 
 
Figure 4.6 XRD patterns of SZS-x with different Si/Zr molar ratio at high angle. 
 
In addition, in the high angle XRD patterns (Figure 4.6), no diffraction peaks at 
2θ = 30º, 35º, 50º and 60º could be observed at low Zr loadings. However, these peaks 
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especially for the SZS-1 catalyst. These diffraction peaks reflect the presence of the 
tetragonal ZrO2 crystalline phase on the catalyst support, suggesting that the crystalline 
ZrO2 phase was eventually formed at very high Zr loadings (Xia et al., 2000 and 2002). 
Furthermore, the TEM images (as displayed in Figure 4.7) show that the SZS 
catalysts could still retain the ordered mesoporous structure even at high Zr contents. 
 
 
Figure 4.7 TEM micrographs of a) SZS-1 and b) SZS-5. 
 
 
Figure 4.8 N2 adsorption/desorption isotherm of SZS-x catalysts. 
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Figure 4.8 shows the N2 adsorption/desorption isotherms of the SZS catalysts.  
Even at high Zr content, the isotherms of these catalysts still clearly exhibited a typical 
type IV isotherm according to IUPAC classification and H1 hysteresis loops, indicating 
that the catalysts still maintained the mesoporous structure (Kresge et al., 1992 and 
Song et al., 2005). However, the pore volume decreased with increasing Zr content, 
reflecting the formation of less uniform mesopores. 
Table 4.2 presents the textural properties of the SZS catalysts. It can be clearly 
observed that the pore volume, surface area and pore diameter of the catalysts 
decreased with increasing Zr loading content (Xia et al., 2000 and 2002). The decrease 
in pore size demonstrates that the sulfated zirconia was dispersed onto the mesopore of 
SBA-15. The decreases in surface area and pore volume are possibly attributed to the 
deposition of sulfated zirconia, which caused the partial blockage of the mesopores of 
SBA-15. These phenomena suggest that zirconia and sulfate groups could have been 
deposited onto the pore surface of SBA-15 and not incorporated into the framework 
(Xia et al., 2000 and 2002). 
 
Table 4.2 Textural properties, composition and acidity of SBA-15, SZS-x and SZ 
Sample 













µmol/g catalyst Added Measured* 
SBA-15 ∞ ∞ 950 7.89 1.41 ∞ 40.2 
SZS-20 20 24.6 850 7.56 0.93 0.08 88.2 
SZS-10 10 15.3 810 7.42 0.85 0.10 134.5 
SZS-5 5 8.2 740 7.12 0.79 0.12 245.1 
SZS-2 2 4.7 660 6.85 0.75 0.15 342.5 
SZS-1 1 2.5 520 6.12 0.63 0.11 453.2 
SZ 0 0 90 - 0.09 0.06 228.4 
* Calculated from ICP-OES technique 
** Calculated by BJH method 
*** Calculated from SEM-EDX 
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Diffuse-reflectance UV-vis (DRUV) spectroscopy was carried out to determine 
the type of Zr in the mesoporous silica matrix (Figure 4.9). A sharp peak at around 210 
nm can be observed in the spectra of the SZS catalysts.  The peak at 210 nm could be 
attributed to the charge-transfer transition corresponding to the excitation of electrons 
from an O
2-
 valence band (2p) to the conduction band (4d) of isolated Zr
4+
 ion 
(Rodrıguez-Castellon et al., 2003). This charge transfer can be attributed to the charge 
transfer of a Si-O-Zr linkage, suggesting the formation of Si-O-Zr linkages on the SZS 
catalyst. This peak at 210 nm decreased in intensity with lower Zr contents. At higher 
Zr contents, the peak became broader and shifted toward 230 nm, corresponding to the 
formation of Zr-O-Zr linkages with the SBA-15 catalyst support (Chen et al., 2007 and 
Du et al., 2009). 
 
 
Figure 4.9 DRUV spectra of SZS-x, SZ and SBA-15. 
 
Figure 4.10 shows the 
29
Si NMR spectra of SBA-15 and SZS-1. In the SBA-15 








a) SZS-1  
b) SZS-2  
c) SZS-5  
d) SZS-10  
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silicon in the siloxane binding environment without hydroxyl groups [(SiO)4Si], 
isolated silanol groups [(SiO)3Si–OH] and germinal silanol groups [(SiO)2–Si–(OH)2], 
respectively (Li et al. 2007). However, in the SZS-1 spectrum, these three peaks were 
merged into a single broad peak and shifted to a lower chemical shift because of the 
formation of ZrO4 species and Si-O-Zr linkages.  The DRUV and NMR results confirm 












Si NMR spectra of the catalysts: a) SBA-15 and b) SZS-1. 
 
The above characterization results show that, using the simple post-synthesis 
method, the Zr species and sulfate groups not only could be easily deposited on the 
surface of SBA-15 but also could form stable Si-O-Zr chemical bonds without the 
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The acidity of the SZS catalysts was investigated using the ion-exchange 
titration technique and NH3 temperature-programmed-desorption (NH3-TPD). Table 
4.2 shows the results of the acidity levels of the catalysts measured by the ion-
exchange titration method. Very high amounts of acid sites (342.5 and 453.2 µmol/g 
catalyst) were measured on the SZS-2 and SZS-1 catalysts, respectively, whereas SZ 
had only 228.4 µmol/g catalyst; this result indicates the synthesized SZS catalysts 
generally had much higher densities of acid sites. 
 
 
Figure 4.11 NH3-TPD of SZ, SZS-1 and SZS-2 catalysts. 
 
NH3-TPD was also used to investigate the acid strength of the synthesized 
catalyst. Figure 4.11 shows the NH3-TPD profiles of SZS-1 and SZ. All catalysts, 
except SZ, showed broad distributions of acid strengths. Whereas the SZ catalyst 
displayed a single peak at ~420 ºC, the SZS-1 and SZS-2 catalysts displayed two peaks: 
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the first peak at ~ 420 ºC and the second peak at 530 ºC. The desorbed NH3 signal was 
confirmed by mass spectroscopy (Appendix A). The additional NH3-TPD peak at 
higher temperature suggests that the SZS catalysts have higher acid strength than the 
SZ catalyst. Therefore, the higher acidity of SZS catalysts is due to the dispersion of 
active sites on the support (which increases the amount of acid sites) and the interaction 
between the sulfated zirconia and the SBA-15 support (which increases the acid 
strength of the respective active site) (Adeeva et al., 1995 and Gao et al., 1998). 
 
4.2.3 Catalytic activity study 
 To study the catalytic activity of SZS-x catalysts, many parameters were 
investigated: Zr loading, palm oil-to-methanol molar ratio, reaction temperature and 
catalyst dosage. 
 
4.2.3.1 Effect of Zr loading 
 To study the effect of Zr content in the synthesized SZS catalysts on the 
catalyst performance, the palm oil-to-methanol to molar ratio was adjusted to 1:20,  the 
reaction temperature was held constant at 200 ºC and the amount of catalyst was 5 
wt %. 
Figure 4.12 shows the evolution of the fatty acid methyl ester (FAME) yield for 
SZS-x with different Zr loadings.  It can be observed that increasing the Zr content led 
to an increase in the FAME yield, even up to very high Zr content (SZS-2 and SZS-1). 
The highest yield - above 95% after 5 h - was observed on the SZS-1 catalyst because 
SZS-1 showed the highest acidity and possessed the most acid sites compared to the 
other SZS catalysts. The results of NH3-TPD and ion-exchanged titration are also 
consistent with the FAME yield test. 
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Figure 4.12 Effect of Zr loading content of SZS-x catalysts on % FAME yield (200 ºC, 
PO:ME = 1:20, 5 wt % catalyst). 
 
Furthermore, in Table 4.3, the percentage yield of FAME and the catalytic 
activity at 10 h show that the SZS catalysts (SZS-2 and SZS-1) exhibited higher 
catalytic activities than the SZ catalyst. The SZ catalyst showed a lower catalytic 
activity than the synthesized SZS catalysts because of its low surface area, small pore 
volume, low porosity and low acidity (Xia et al., 2000 and 2002). The SZS catalysts 
had better dispersions of Zr and S on the surface because of the high surface area of 
SBA-15, resulting in more accessible active sites of sulfated zirconia for the reactants 
(palm oil and methanol). In addition, the large pore size of SBA-15, as compared to 
that of SZ, was effective for the diffusion of bulky molecules (palm oil) through the 
pore channels to reach the catalytic sites (Lopez et al. 2005). Furthermore, the SZS-2 
catalyst showed a higher catalytic activity but lower percentage yield of FAME than 
the SZS-1 catalyst. SZS-2 had a lower FAME yield than SZS-1 because of the lower 
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amount of sulfated zirconia on SZS-2.  However, the sulfated zirconia on SZS-2 was 
more dispersed than that on SZS-1, resulting in higher catalytic activity on SZS-2. 
 
Table 4.3 Percentage of FAME yield and catalytic activity of catalysts for 
transesterification of palm oil with methanol 



















blank 3.2 - 
* Reaction conditions: 5 wt % of catalysts; PO:ME = 1:20, 200 ºC, 10 h. 
** g of FAME per mole of Zr in the catalyst per min. 
 
4.2.3.2 Effect of reaction conditions 
 According to the previous sections, the SZS-1 and SZS-2 catalysts, showing the 
high catalytic activity, were utilized for investigation of reaction conditions. In this 
part, the effects of catalysts amount, palm oil-to-methanol molar ratios, and reaction 
temperature are presented (Appendix B). 
To study the effect of palm oil-to-methanol molar ratios on the catalytic 
performance, the palm oil-to-methanol molar ratio (PO:ME) in the reaction system was 
varied from 1:3 to 1:30 at a reaction temperature of 200 ºC for 6 h using 5 wt % of 
catalyst.  Three catalysts (SZS-1, SZS-2 and SZ) were chosen to study the effect of 
PO:ME ratio on catalyst performance. 
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Figure 4.13 Effect of PO:ME ratios on FAME yield over SZ, SZS-1 and SZS-2 
catalysts (200 ºC, 6 h, 5 wt % catalyst). 
 
Figure 4.13 shows the percentage yield of FAME versus PO:ME molar ratios of 
each catalyst. The product yield for the three catalysts increased with increasing 
amount of methanol. The percentage yield of FAME could reach above 90% for both 
SZS-1 and SZ catalysts at a PO:ME ratio of 1:20 and there was no significant increase 
with a further increase in the methanol amount. However, for SZS-2, the percentage 
FAME yield reached ca. 75% at a PO:ME ratio of 1:20 and the continued to increase 
with increasing amount of methanol. This result shows that increasing the amount of 
methanol would drive the equilibrium to PO:ME ratio of 1:20 and the % yield 
continued to increase with increasing amount of methanol. This result shows that 
increasing the amount of methanol would drive the equilibrium towards the product 
side. In other words, the product increases with an increase in the amount of methanol 
concentration in the feed stock (Nye and Southwell, 1983, and Freedman et al., 1986). 
To study the effect of reaction temperature on the performance of the SZS-1, 
SZS-2 and SZ catalysts for transesterification, the reaction temperature was varied 
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from 60 ºC to 230 ºC at the molar ratio (PO:ME) of 1:20, 5 wt % of catalyst and a 
reaction time of 6 h. 
 
Figure 4.14 Effect of reaction temperatures on FAME yield over SZ, SZS-1 and SZS-2 
catalysts (6 h, PO:ME = 1:20, 5 wt % catalyst). 
 
 Figure 4.14 shows that the three catalysts exhibited the same trends in catalytic 
performance, whereby increasing the reaction temperature increased the FAME yield. 
This is in accordance with the previous reports that the reaction time was shorter with 
higher reaction temperature (Freedman et al., 1984 and Ma et al., 1998). At low 
reaction temperature (60 ºC and 80 ºC), the percentage FAME yield was relatively low, 
as expected for a solid-acid-catalyzed transesterification (Di Serio et al., 2008). 
However, when the reaction temperature was increased from 120 ºC to 200 ºC, the 
FAME yield showed a dramatic increase. These observations can be explained by the 




) caused by hydrolysis; hence, the 
leached sulfate ions might then catalyze the transesterification reaction (Garcia et al., 
2008). Although the sulfate groups leached out from the solid acid catalyst, this solid 
sulfated-zirconia acid catalyst can be easily regenerated and reused by simple 
resulfation (as shown in detail in Section 3.3.2). 
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To investigate the effect of the amount of  catalyst (SZS-1, SZS-2 and SZ), the 
molar ratio of PO:ME was fixed at 1:20, the reaction temperature was set at 200 ºC, the 
reaction was run for 6 h, and the amount of catalyst was varied from 1% to 20 % of the 
weight of palm oil.  
 
Figure 4.15 Effect of catalyst amount on FAME yield over SZ, SZS-1 and SZS-2 
catalysts (200 ºC, 10 h, PO:ME = 1:20). 
 
Figure 4.15 shows that the rate of the transesterification reaction for the three 
catalysts increased with the amount of catalyst. However, the final FAME yield could 
not improve beyond 5 wt % of catalyst. This is because of the limitation imposed by 
the equilibrium of the reaction, whereby more catalyst would increase only the speed of 
the reaction but not the percentage FAME yield. This result is in accordance with those 
previous works (Jitputti et al., 2006 and Mahabubur Rahman Talukder et al., 2006).
 
Moreover, it is possible that in a three-phase system (oil/alcohol/catalyst system), 
higher dosage of catalyst tends to lead to higher viscosity of the reaction mixture, 
resulting in mass transfer limitations for the reactants to reach the catalytic sites 
(Appendix C) (Kim et al. 2004). 
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4.2.4 Catalytic reusability study 
 Table 4.4 shows the significant decrease of the S/Zr ratios of the three catalysts, 
especially SZ, after they had been used for transesterification reaction because of the 
loss of the sulfate groups from the catalysts during the reaction (Appendix D). The loss 
of sulfate groups from the solid catalysts has been reported by many previous works. 
Corma (1997) and Kiss et al. (2006) reported that the deactivation of the sulfated 
metallic oxides occurred because of the loss of sulfate groups caused by the water 
present in the reaction medium. However, Suwannakarn et al. (2007) and Gracia et al. 
(2008) reported that the leaching of sulfate groups from the sulfated zirconia catalysts 
could also be caused by the presence of alcohol in the reaction system, causing a drop 
of the catalyst stability due to catalyst deactivation. 
However, it is worth noting that, after the transesterification reaction, the S/Zr 
molar ratio of the SZS catalysts was higher than that of SZ. This is possibly due to the 
formation of a -Si-O-Zr-O-Zr-O-Si- structure, which could then improve the stability 
of Zr-O-S linkage structure and the dispersivity of the acid sites, resulting in a more 
stable catalyst during the course of transesterification reaction (Li et al., 2009). 
Furthermore, the substitution of Si-O- by Zr-O- ligands significantly enhanced the 
activity and stability of the surface sulfate complexes. This result was similar to the 
previous work on sulfated zirconia supported on γ-Al2O3, where the authors found an 
improvement in the catalytic activity and stability of the surface sulfate groups on the 
oxide and an increase of the number of effective acid sites on the catalyst for the 
isomerization reaction (Adeeva et al., 1995 and Gao et al., 1998). 
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1st 2nd 3rd 4th 5th 
before after before after before after before after before after 
SZS-1 0.11 0.05 0.12 0.06 0.10 0.04 0.09 0.03 0.06 0.02 
SZS-2 0.15 0.05 0.16 0.06 0.15 0.04 0.14 0.04 0.11 0.02 
SZ 0.06 0.01 0.06 0.02 0.05 0.01 0.04 0.01 0.02 0.004 
* Calculated from SEM-EDX  
 
 Interestingly, after regeneration of the SZS catalysts by sulfation, the recycled 
SZS catalysts performed as well as the fresh catalysts, as seen in Figure 4.16. The 
performance of the re-sulfated SZS catalysts started to drop only after several reaction 
cycles, whereas the activity of the re-sulfated SZ catalyst decreased right after the 
second reaction cycle. In addition, the S/Zr molar ratio of the re-sulfated SZ catalyst 
decreased significantly with each reaction cycle, possibly because of the agglomeration 
of ZrO2 (Zhu et al., 2004 and Rubio et al., 2009), resulting in the loss of zirconia 
species to bind with the sulfate groups. However, the S/Zr molar ratio of the re-
sulfated SZS catalysts showed some decrease with each reaction cycle, but not as 
severe as that of SZ catalyst; this result suggests that the sulfate groups were more 
stably anchored on the SZS catalysts than on the SZ catalyst (Xia et al., 1999). It is 
possible due to the interaction between sulfated zirconia and SBA-15 support which 
can reduce the agglomeration of catalyst species (Appendix E). 
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Figure 4.16 Reusability of SZ, SZS-1 and SZS-2 catalysts for transesterification of 
palm oil with methanol (200 ºC, 10 h, PO:ME = 1:20, 5 wt % catalyst). 
 
All of these results show that the SBA-15 support helps to stabilize the surface 
sulfate groups on the supported zirconia and increases the number of effective acid 
sites on the catalyst for transesterification. Therefore, the remarkable activity and 
stability of the sulfated zirconia supported on SBA-15 catalyst are caused by the high 
dispersion of sulfated zirconia species on SBA-15, together with the increase of the 
acidity of the respective catalytic sites. 
 
4.3 Conclusions 
Sulfated zirconia was successfully supported on SBA-15, which is the best support 
among the three silica supports (i.e., MCM-41, SBA-15 and amorphous silica), using a 
simple post synthesis process. The synthesized SZS catalysts could still preserve the 
ordered structure of mesoporous materials even at high loadings of Zr and the sulfated 
zirconia was well-dispersed on the large surface of SBA-15 with the formation of -Si-
O-Zr- linkages. With these -Si-O-Zr- linkages, the SZS catalysts had higher acidity 
than SZ, resulting in higher catalytic activity for the transesterification of palm oil with 
methanol.  Among a series of SZS catalysts, SZS-1 showed the best catalytic 
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performance for the transesterification reaction. The optimum reaction conditions to 
reach above 95% FAME yield required a palm oil-to-methanol molar ratio of 1:20, a 
reaction temperature of 200 ºC, 5 wt % of catalyst amount and a 5-h reaction time. In 
addition, the activity and stability of SZS-1 catalyst could be maintained with each 
reaction cycle as the used SZS-1 catalyst could be regenerated by simple resulfation 
and the catalyst could be recycled and reused for at least five cycles without the 
destruction of the ordered mesoporous structure. 








Based on previous chapter and previous works on the transesterification of 
triglyceride and alcohol (Chen et al., 2007 and Du et al., 2009), it was found that 
supporting sulfated zirconia on SBA-15 could improve the catalytic activity and 
stability of the catalyst. The improvement of catalytic performance is possible due to 
the well-dispersion of acid active sites on the large surface of SBA-15. The increase of 
acid-site numbers of sulfated zirconia-supported mesoporous materials was well-
known (Xia et al., 2002, Chen et al., 2007 and Du et al., 2009).  
However, based on the previous chapter, the improvement of the catalytic 
performance of the catalyst was not only due to the increase of acid-site number, but 
also due to the additional acid site which was believed that it involved in the 
enhancement of catalytic performance (Chen et al., 2007). Therefore, in this chapter 
the acidity of sulfated complex promoting acidity to zirconia and zirconia supported 
SBA-15 was investigated.  
 
5.2 Results and discussion 
In Chapter 4, the increase in the acid-site numbers of SZS catalyst was clearly 
shown by NH3-TPD and ion-exchange titration. However, the NH3-TPD temperature 
profiles of SZS-1 and SZS-2 catalysts showed an additional peak at high temperature 
(i.e., 530 ºC), which absented on the NH3-TPD temperature profile of SZ catalyst. The 




presence of the additional peak suggests that the SZS-1 and SZS-2 catalysts had the 
additional acid sties with the higher acid strength. 
The additional NH3-TPD analysis was conducted to confirm the acidity of the 
SZS-1 and SZ catalysts.  
 
Figure 5.1 NH3-TPD profiles of a) ZrO2, and b) SZ. 
 
Figure 5.1 shows the NH3-TPD profile of ZrO2, and SZ. No significant peak 
was observed on the temperature profile of ZrO2 catalyst, suggesting no active acid site 
on the catalyst. After sulfation, one sharp peak was observed at ca. 430 ºC, suggesting 
the increase of acidity of the catalyst after being sulfated. This result suggests that the 
acidity of SZ catalyst was generated only in the presence of sulfate groups on the 
catalyst. 
The catalytic performance of ZrO2 and SZ is shown in Figure 5.2. The catalytic 
performance of ZrO2 catalyst was very low; however, after sulfation, high FAME yield 
was produced in short time. This result suggests that the acidity of the catalyst 
correlates to the catalytic performance. 
a) 
b) 





Figure 5.2 Catalytic performance of ZrO2 and SZ. 
 
Figure 5.3 shows the NH3-TPD profile of SBA-15and SZS-1. No significant 
peak was observed for SBA-15 due to the lack of acid site (Hu et al., 2006). It is 
interesting that, after introduction of Zr into the SBA-15, one peak was observed at ca. 
350 ºC, suggesting the presence of acid site on the catalyst surface. After sulfation, two 
peaks at higher temperature (i.e., ca. 420 ºC and 530 ºC) were observed on the 
temperature profile of SZS-1 catalyst, suggesting that the sulfate groups on the catalyst 
surface is important to increase the acidity of the catalyst and it is possible that there 
are two types of acid sites at least on the surface of SZS-1 catalyst. This result suggests 
that sulfate species on the surface of the catalyst increased the base strength and 
induced the additional acid types with higher acid strength. 





Figure 5.3 NH3-TPD profiles of a) SBA-15, b) ZS-1 (unsulfated) and c) SZS-1 catalyst. 
 
The catalytic performance of the catalyst is shown in Figure 5.4. SBA-15 could 
not produce high FAME yield due to no active acid site (Hu et al., 2006). It is 
interesting that the unsulfated ZS-1 catalyst could produce FAME yield although there 
was no sulfate groups on the surface of the catalyst. This result is in good agreement 
with the NH3-TPD result that the ZS-1 catalyst shows the acidity property of the 
catalyst as the single peak showed at 350 ºC. However, the sulfated ZS-1 (SZS-1) 
catalyst could produce high FAME yield in the short time due to the high acidity and 
strong acid strength. This result suggests that the acidity of the SZS-1 catalyst 
definitely correlates the catalyst performance. In addition, the acid site of the SZS-1 
catalyst was created by 1) the introduction of Zr in the SBA-15 and 2) the introduction 










Figure 5.4 Catalytic performance of SBA-15, ZS-1, and SZS-1 catalyst. 
 
5.2.1 Acidity of catalyst 
In this section, the acidity and nature of acid sites on the synthesized SZS and 
SZ catalysts are investigated and identified in order to explain the improvement of 
catalytic performance in the previous section. In-situ pyridine adsorption-desorption 
measured by FTIR and surface analysis by XPS were mainly utilized to explain the 
phenomena. 
 Based on the NH3-TPD result in Chapter 4, the SZ catalyst showed only a 
single sharp peak at the temperature around 430 ºC whereas the SZS-1 and SZS-2 
catalysts displayed two broad peaks at the temperature around 430 ºC and 530 ºC. The 
first peak at 430 ºC is attributed to the acid sites from the ZrO2 whereas another peak at 
530 ºC can be attributed to some additional acid species on the surface of SZS catalysts 
(Chen et al., 2007). This result suggests that the overall acid strength of the SZS 
catalysts was higher than that of the SZ catalyst. 
In addition, the SZS catalysts showed the broad distributions of acid site 
strength (based on the broad desorption NH3-TPD profiles of SZS catalyst) whereas the 




SZ catalyst showed narrow distribution of the acid site strength (based on the narrow 
desorption NH3-TPD profiles of SZS catalyst). It is due to the fact that the surface 
defect from additional heterogeneous species increased the dispersion of the acid sites 
on the catalyst’s surface (Corma, A and H. Garcıa, 2003, and Li et al., 2009). This 
result was similar to the previous work where sulfated zirconia was supported on γ-
Al2O3 and it was found that the sulfate groups on the sulfated zirconia supported γ-
Al2O3 were more stabilized than the unsupported SZ and the number of the effective 
acid sites on the sulfated zirconia supported γ-Al2O3 catalyst was increased (Adeeva et 
al., 1995, Gao et al., 1998 and Xia et al., 1999). 
 
 
Figure 5.5 FTIR spectra characterizing pyridine adsorption on a) SZ, b) SZS-1, c) 
SZS-2, d) SZS-5, e) SZS-10, f) SZS-20 and g) SBA-15 catalyst. 
 
Figure 5.5 shows the in-situ FTIR spectra of adsorption pyridine of SZS-x, SZ 
and SBA-15 catalysts in the range of 1400 – 1700 cm-1. No significant peak was 
observed on the spectra of SBA-15 catalyst, suggesting that no active acid site was 





















were observed on SZS-20 and SZS-10 catalysts. The 1,643 and 1,543 cm
-1
 bands are 
assigned to pyridinium ion, and those at 1609 and 1446 cm
-1
 attributed to coordinated 
pyridine (Wang et al., 2009). With Si/Zr of 5, the band at 1,543 cm
-1
, which is 
attributed to Bronsted acid sites, was split into two bands at 1,549 and 1,537 cm
-1
. The 
shoulder peak at 1,630 cm
-1
 appeared clearly when the Si/Zr ratio was 2. This result 
suggests the existence of at least two types of Bronsted acid sites on the surface of 
SZS-1, SZS-2 and SZ catalysts. 
The intensities of FTIR bands continuously increased with the increase of Zr 
loading until Si/Zr = 1. On SZS-1 catalyst, the bands at 1643, 1609, 1543, 1489, and 
1446 cm
-1
 were still observed, but the intensities of those bands dramatically decrease. 
This result suggests that increasing zirconium content cannot always create more acid 
sites on surface of the catalyst. Bronsted and Lewis acidities in Figure 5.5 have been 
quantiﬁed into the integrated areas of the peaks at ca. 1540 and at 1445 cm-1, 
respectively, as listed in Table 5.1. The Bronsted and Lewis acidities increased up to 
Si/Zr = 2 and then gradually decreased when Zr loading content further increased. It is 
possible due to the formation of ZrO2 or the agglomeration of ZrO2 to the big cluster, 
leading to the loss of active acid sites on the surface (Xia et al., 2002). However, the 
B/L values of the samples increased with the Zr content and it is interesting that that 
B/L value of SZ catalyst was less than SZS-x catalysts. However, it is interesting that 
the B/L value of SZS-20 was relatively comparable to that value of SZ samples. For 
SZS-x samples, although the Zr loading was relatively low (i.e., Si/Zr =20), Bronsted 
and Lewis acid sites could still form. Meanwhile, the SZ sample contained a lot of Zr 
but the formation of Bronsted and Lewis acid sites was less as compared with the same 
amount of Zr. There is one possible reason for these observations. For SZS-x samples, 
ZrO2 has been uniformly dispersed on the SBA-15 surface; therefore, their surfaces 




expose more active position to interact with H2SO4 molecules to form more Brønsted 
and Lewis acid sites. For SZ samples, the number of acid sites is limited by the 
formation of ZrO2 and/or the agglomeration of big cluster of ZrO2, therefore no more 
additional acid sites are formed. 
 
Table 5.1 Pyridine adsorption data on SZ, b) SZS-1, c) SZS-2, d) SZS-5, e) SZS-10, f) 
SZS-20 and g) SBA-15 catalysts. 
Sample 
B acid* 
(at ca. 1540 cm-1) 
L acid* 





SBA-15 - - - 40.2 
SZS-20 0.015 0.12 0.125 88.2 
SZS-10 0.0375 0.2 0.188 134.5 
SZS-5 0.10 0.375 0.267 245.1 
SZS-2 0.13 0.44 0.295 342.5 
SZS-1 0.095 0.315 0.302 453.2 
SZ 0.025 0.225 0.111 228.4 
*






The negative IR adsorption bands were observed in the -OH stretching region 
due to the interaction between pyridine and the -OH groups (Figure 5.6). SZ shows 
only single negative IR adsorption band at 3667 cm
-1
 whereas SZS-1 shows the main 
negative IR adsorption band at 3,667 cm
-1
 and a comparative weak band at 3,744 cm
-1
 
after pyridine adsorption at 150 K. The 3,744 cm
-1
 band is attributed to isolated Si–OH 
groups on SZS-1, while that at 3,667 cm
-1
 corresponds to the acidic bridged OH groups 
typical for sulfated-zirconia (Steven et al., 2003, Wang et al., 2009). Basically, isolated 
Si–OH groups and bridged OH groups are recognized as hydrogen bond donor and 
Bronsted acid sites, respectively. In addition, the broad adsorption band next to 3,667 
cm
-1
 at low frequency, which is attributed to adsorbed H2O next to a sulfate group 




(Klose et al., 2005), was observed for both SZS-1 and SZ catalysts. Due to the strong 
inductive effects of S=O group, the adsorbed H2O contributes as a Brønsted acid center. 
The tail absorption band next to 3,667 cm
-1
 can also be due to heterogeneity of 
environment around the Brønsted sites (Tsyganemko et al., 2000). The peak splitting at 
1,543 cm
-1 
and the absorption band in –OH region suggests are in good agreement and 
suggest two species of Bronsted acid sites (Scheme 5.1), suggested by Wang et al. 
(2009). 
 
Figure 5.6 FTIR spectra in –OH region of SZ and SZS-1 after pyridine absorption. 
 
 










Figure 5.7 In-situ FTIR spectra characterizing pyridine adsorption in sulfate region of 
a) SZS-1 and b) SZ catalysts. 
 
By incorporation of zirconia on SBA-15, the surface acidity of sulfated zirconia 
has been changed. Not only new acid sites have been created but also the strength of 
the surface acid sites has been enhanced. The concentration of surface acid on the SZS 
samples varies depending on the Si/Zr ratios. The SZS sample had the most acid 
concentration when Si/Zr = 1 (i.e., SZS-1), and this result coincides with its catalytic 
performance in the transesterification reaction in Chapter 4. Figure 5.7 illustrates the 
absorbance in situ FT-IR spectra in sulfate region of SZ and SZS-1 catalysts after 
pyridine adsorption. In the S=O stretching region (ca. 1,350–1,450 cm-1), SZ and SZS-
1 catalyst showed strong negative IR adsorption band at 1,392 cm
-1
 at 150 ºC. The 
negative band can be attributed to an interaction between sulfate and pyridine (Jin et al., 
1986). After increasing desorption temperature to 500 ºC, the band minimum of SZ 












The minimum band also shifted upward to high wavenumber when the desorption 
temperature reached 500 ºC.  
The band intensity of SZS-1 catalyst also decreased when the desorption 
temperature increased; however, it is interesting that the band intensity of SZS-1 was 
obviously higher than that of SZ. In addition, the band obviously shifted to ca. 1405 
cm
-1
. This shift of the band and the change of the intensity suggests that the S=O 
stretching region has more than one component. There are two main sulfate species on 
the surface of catalyst reported in the literature (Bensitel et al., 1988 and Morterra et al., 
1993, Wang et al., 2009); monosulfate species and pyrosulfate species (Scheme 5.2). 
The pyrosulfate species usually shows the band at high frequency at ca. 1,405 cm
-1
 and 
monosulfate species shows the stretching band at relatively low frequency at 1,380 cm
-
1 
(Wang et al., 2009). The shift of the S=O stretching band when increasing the 
desorption temperature to 500 ºC indicates the interaction between pyrosulfate species 
and pyridine is stronger than that between monosulfate species and pyridine. This 
result means pyrosulfate species provide stronger acid sites than monosulfate species. 
As compared to our observation in this work, it is likely to suggest that both 
pyrosulfate and monosulfate species existed on the surface of SZS-1 and SZ catalyst 
but the numbers of pyrosulfate species on the surface of SZ was much less than those 
on the surface of SZS-1. This result is in good accordance with the previous work 
about sulfated mixed oxide of ZrO2 and other metal oxide (such as Al2O3 and TiO2) 
(Bensitel et al., 1988, Morterra et al., 1993, Damyanova et al., 1997, Xia et al., 1999 
and Barthos et al., 2001) 




            
Scheme 5.2 Pyrosulfate (Complex I) and monosulfate (Complex II) species on the 
catalyst surface. 
 
It is known that introduction of heteroatoms into sulfated zircronia can change 
the total electronegativity of the catalyst (Xia et al., 1999 and Barthos et al., 2001). 
Barthos et al., (2001) reported that the acidity of ZrO2 increased after introduction of 
TiO2 although the ZrO2-TiO2 was not sulfated. According to the principle of 
electronegativity equalization proposed by Sanderson (Sanderson, 1976 and Xia et al., 
1999), the electronegativity Sint of the complex structure in the above schematic and the 
partial charge δZr on Zr
4+
 can be written as 







   δZr = (Sint – SZr)/2.08√SZr 
where SSi, SZr, SS and SO are the electronegativities of Si, Zr, S and x, y are the number 
of Si and O in the neighbourhood of Zr
4+
 (based on the complexes in Scheme 5.2, 
Complex I). According to Pauling's electronegativity scale values, the electronegativity 
of Si
4+
 (1.90) was relatively larger than that of Zr
4+
 (1.33) (Pijolat et al., 2005). When 
compared with the SZ, the Sint of SZS was increased and δZr of SZS became more 
positive when these Si
4+
 cations were introduced into the complex, hence the acid 
strength of the acid site was increased. 




 The surface properties of the catalyst were studied using XPS. The binding 
energies (BE) of Si 2p and Zr 3d of SZ, SZS-1 and SZS-2 catalyst before and after 
sulfation are given in Figure 5.8 and 5.9. 
 
 











Figure 5.9 XPS spectra of Zr 3d of SZS-1, SZS-2 and SZ catalyst for a) before and b) 
after sulfation. 
 
The BE of Zr and Si measured in pure ZrO2 and pure SBA-15 were used as 
reference. Without sulfation (the unsulfated sample was designated as ZS-x, x = Si/Zr 
molar ratio), the BE Si 2p of SBA-15 was at 103.5 eV and the BE Zr 3d of ZrO2 was at 
179.7 eV. The BE of Si 2p decreased from 103.5 to 102.4 for ZS-2 and to 102.3 for 
ZS-1 while the BE Zr 3d increased from 179.7 to 180.6 for ZS-2 and to 180.7 for ZS-1. 
Similar phenomena have been reported for the heteroatom substitution in the SiO2 
a) 
b) 




(Odenbrand et al., 1990, Keshavaraja et al., 1995 and Jung et al., 2001). The increase 
of BE Zr 3d indicates the increase of positivity of Zr
 
species and the decrease of BE Si 
2p indicates the increase of electron-rich property of Si 2p. It is known that substitution 
of heteroatom in the zirconia could change the total electronegativity of the metal 
oxides (Xia et al., 1999, Barthos et al., 2001 and Jung et al., 2001). Therefore, the shift 
of BE Si 2p to lower value and the shift of Zr 3d to higher value are due to the 
formation of -Si-O-Zr- linkages. This result suggests that the formation of -Si-O-Zr- 
linkage leads to the increase of positivity of Zr species in the ZS catalyst, which is 
generally considered as a Lewis acid site (Corma, 1995, Miao et al., 1996 and 
Rosenberg and Anderson, 2002). The increase of the positivity of the Zr species 
suggests the increase of the acid strength of the Lewis acid site.  
After sulfation, the BE Zr 3d of SZ and SZS-1 and SZS-2 catalysts remarkably 
shifted to the lower value whereas the BE Si 2p of these catalysts slightly increased. 
This result suggests that the positivity of Zr species increases remarkably after being 
sulfated. It is known that the sulfate groups are the strong electro acceptor (Yamaguchi 
et al., 1986 and Jin et al., 1986), which can strongly pull the electrons from the electron 
donator (i.e., Zr species). As mentioned, the Zr species of the catalyst is considered as 
the Lewis acid site. Therefore, the increase of positivity of Zr species suggests the 
increase of the acid strength of the Lewis acid site. 
Based on these results, the increase of the positive strength of the Zr
4+
 of the 
SZS catalysts is possible due to two reasons: 1) the introduction of Si species to form -
Si-O-Zr- linkages on the surface of the catalysts and 2) the formation of pyrosulfate 
species. 
 The formation of pyrosulfate species on the surface of SZS catalyst could 
increase the positive strength of the Zr
4+
 of the SZS catalyst. Sulfate groups on the 




sulfated metal oxide are generally considered as electron acceptor species (Yamaguchi 
et al., 1986 and Jin et al., 1986). As mentioned in the FTIR result, the pyrosulfate 
species had high acidity properties, meaning that the pyrosulfate species were the 
strong electron acceptor. The pyrosulfate species could pull electrons from zircronium 
species which is considered as an electron donator, resulting in the increase of positive 
charge of Zr
4+
. In addition, the formation of -Si-O-Zr- linkages by the introduction of 
Si species into the zirconia rendered the total electronegativity of the catalyst decreased 
and the positivity of Zr species increased. As a result, the Lewis acid species or Zr
+
 on 
the catalyst surface increased the acid strength. 
Based on the in-situ FT-IR spectra of desorption pyridine, the XPS result and 
the electronegativity calculation, the additional peak of NH3-TPD profile of SZS 
catalyst at high temperature (in Chapter 4) is possible to be the additional Lewis acid 
sites (Zr
4+
) created by the Si-O-Zr linkages and the pyrosulfate species. 
In summary, the dispersion of Zr species on the surface of SBA-15 not only 
increased the number of the acid sites, but also increased the acid strength of the 
catalyst. The improvement of the acid strength of the SZS catalyst comes from the 
increase of the positive strength at the Lewis acid site by the formation of -Si-O-Zr 
linkages and by the interaction with the pyrosulfate complex and the Zr species. 
 
5.3. Conclusions 
 When compared with the SZ catalyst, the catalytic performance of the SZS 
catalysts for the transesterification of palm oil and methanol was better due to the 
improvement of the acidity of the SZS catalysts. The result from the NH3-TPD showed 
an additional type of acid sites on the SZS catalysts which had higher acid strength that 
the acid sites on SZ. The FTIR spectra from pyridine adsorption measurement suggest 




the formation of pyrosulfate species which are considered as a stronger electron 
acceptor than normal sulfate species (i.e. monosulfate species). The XPS results 
showed that Zr
4+
 on the surface of SZS catalyst, which is considered as a Lewis acid 
site, had the higher positivity when compared with the Zr
4+
 on the SZ surface. It is due 
the formation of -Si-O-Zr- linkages on the SZS catalyst which increase the positivity of 
Zr
+
 species and the interaction between that Zr
+
 species with the pyrosulfate species, 
leading to the formation of an additional species of Lewis acid sties with the higher 






Chapter 6.  Synthesis of active and stable CaO-CeO2 catalyst for transesterification of oil and methanol 
 81 
Chapter 6. Synthesis of active and stable CaO-CeO2 catalyst 
for transesterification of oil and methanol 
6.1 Introduction  
 
Although solid acid catalysts are generally utilized to catalyze low cost feed stocks to 
reduce production cost for biodiesel production, solid base catalysts have held the 
attention of the biodiesel industry due to the shorter reaction time and lower reaction 
temperatures. Many solid base catalysts have been reported for biodiesel production, 
such as Na/NaOH/γ-Al2O3 (Kim et al., 2004), Cs-doped heteropolyacid 
(Narasimharaoa et al., 2007), ZnO-La2O3 mixed metal oxide (Yan et al., 2009), BaO 
(Liu et al., 2007), and MgO (Verziu et al., 2008). However, these catalysts have 
various drawbacks: 1) low catalytic activity as they required severe reaction conditions 
i.e., high reaction temperature (>170 °C), long reaction time (>24 h) and 2) low 
catalytic stability with significant leaching of catalyst components to the reaction 
media. Therefore, new solid base catalysts are sough-after to be developed for 
environmental-benign catalytic system as well as reduction of production cost. 
Among solid base catalysts, Ca-based materials are well-known catalysts for 
biodiesel production due to their cheap and good catalytic performance (Yan et al., 
2009, Reddy et al., 2006, Liu et al., 2008, Granados et al., 2007, Liu et al., 2008 and 
Ngamcharussrivichai et al., 2008). However, these reported Ca-based catalysts are not 
stable and suffered from tremendous leaching of Ca species into the reaction media 
(Peterson and Scarrah, 1984, Ngamcharussrivichai et al., 2008, Yan et al., 2009, and 
Yu et al., 2011), resulting in the additional separation and purification process, which 
generates the large amount of waste water to the environment, to remove the calcium 
contaminant from the biodiesel product. 
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Water and free fatty acids (FFAs) in feed stocks are also the important 
problems of base-catalyzed transesterification reaction. Catalytic performance of many 
Ca-based catalysts decreased with the water and FFAs in the feedstock (Yan et al., 
2009, Liu et al., 2008, Granados et al., 2007, and Yan et al., 2009). Water in the feed 
stock can retard the activity of base catalysts during transesterification reaction via 
soap formation, which reduces the efficiency of the catalyst (Freedman et al., 1984, 
and Ma and Hanna, 1998). In addition, the soap product can increase the viscosity of 
the mixture, retarding the diffusion of reactants in the liquid phase. In addition, base 
catalysts are neutralized by the FFA in the feed stock, resulting in the deactivation of 
base catalysts (Hideki et al., 2001, Russbueldt and Hoelderich, 2010, and Canakci and 
Gerpen, 1999). 
Among the Ca-based catalysts, CaO-supported CeO2 catalyst is a potential 
catalyst for biodiesel industry. Yu et al. (2011) found that CaO-CeO2 catalysts 
prepared by wet impregnation had a good catalytic activity in transesterification of 
Pistacia chinensis oil and methanol; however, the leaching of catalyst components into 
the reaction medium was reported. Kawashima et al. (2008) found that CaCeO3 
perovskite catalyst showed good reaction performance but the catalyst required long 
reaction time (> 10 h) to reach high FAME yield due to poor catalytic texture (i.e., 
very low surface area, small pore size and low pore volume). Kim et al. (2011) used 
CaO-CeO2 supported La2O3 catalyst to transesterify soybean oil and methanol. The 
supported catalyst showed good performance even the long-term reaction; however, 
there were some homogeneous species leaching out from the supported catalyst into 
the reaction media.
 
To overcome the problems and limitations of CaO-CeO2 catalysts, it is desired 
to create the CaO-CeO2 catalyst with high resistance to water and free fatty acid in the 
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feed stock and high activity and stability for the long-term reaction. Concomitantly, the 
leaching of homogeneous species ought to be low to lessen the contaminant in the 
biodiesel product. Sintering the catalyst at very high temperature could reduce the 
leaching by enhancing the interaction of catalyst components (Yu et al., 2011); 
however, the catalyst would inevitably lose some surface properties (i.e., surface area 
and basicity). In this chapter, we present the CaO-CeO2 catalysts prepared by simple 
gel formation via co-precipitation method to enhance the interaction of catalyst 
components in tandem with the surface properties the catalyst. The catalytic activity, 
stability and reusability of the synthesized catalyst were investigated via 
transesterification of palm oil and methanol. Effect of calcination temperatures on the 
catalytic performance and the leaching content of the catalyst components was 
investigated. In addition, effects of reaction parameters (i.e., palm oil-to-methanol 
molar ratio, reaction temperature and catalysts amount) were investigate to obtain the 
optimum reaction conditions. Effects of water and FFA in the feedstock were also 
studied. Moreover, catalyst reusability and durability were investigated. 
 
6.2 Results and discussion 
 
6.2.1 Catalysts characterization 
Figure 6.1 shows the XRD diffraction patterns of the CaO, CeO2 and CaO-
CeO2 catalysts with various loading molar ratios of Ca and Ce.  
The XRD pattern of 0Ca1Ce catalyst is similar to that of CeO2 whereas the 
XRD pattern of 1Ca0Ce catalyst clearly shows the presence of a mixture of CaO and 
Ca(OH)2 (with the phases designated in Figure 6.1). The XRD pattern of CaO-CeO2 
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catalyst showed the mixed phase of CaO, CeO2 and Ca(OH)2, suggesting that the CaO-
CeO2 catalyst is a mixture of CaO, CeO2 and Ca(OH)2. 
 
 
Figure 6.1 XRD diffraction patterns of a) 0Ca1Ce, b) 1Ca3Ce, c) 1Ca1Ce, d) 3Ca1Ce 
and e) 1Ca0Ce catalysts. 
 
IR-Raman was used to observe whether there is any interaction between CaO 
and CeO2 on the CaO-CeO2 catalysts. Figure 2 shows the Raman spectra of CaO-CeO2 
catalysts with different Ca and Ce molar ratios. Two weak bands at 354 and 685 cm
-1
 
were observed for pure CaO.  One strong peak at 461 cm
-1
 and two weak bands at 525 
and 401 cm
-1
 were observed for pure CeO2.  The band at 461 cm
-1
 was assigned to the 
vibration of Ce-O (Fang et al., 2007 and Yu et al., 2011) and the intensity of this band 
increased with an increase of Ce amount. The bands for CaO became weak for 1Ca1Ce 
and 1Ca3Ce catalysts, while two broad bands at 255 and 610 cm
-1
 appeared. These two 
bands indicate the interaction between CaO and CeO2 due to the vacancies created by 
the substitution of Ca
2+
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2011). Since Ce ion has a valence of 4 or 3 and Ca ion has only a valence of 2, some 
vacancies are created - during ion substitution - to maintain charge neutrality in the 
ionic crystal. These vacancies induce the lattice distortion to form defects that are 
favorable for heterogeneous catalysis (Berger et al. 2007, Wen et al., 2010, and Yu et 
al., 2011). 
 
Figure 6.2 IR-Raman spectra of a) 0Ca1Ce, b) 1Ca3Ce, c) 1Ca1Ce, d) 3Ca1Ce and e) 
1Ca0Ce catalysts. 
 
Table 6.1 shows the catalyst composition (Ca/Ce molar ratio) of the CaO-CeO2 
catalysts for the bulk catalyst composition (measured by ICP-OES) and the surface 
catalyst composition (measured by XPS). As predicted, the Ca/Ce molar ratio of the 
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Table 6.1 Catalyst components and textural properties of all catalysts 
Sample 





(nm) Bulk Surface 
1Ca0Ce ∞ ∞ 5.376 0.020 1.19 
3Ca1Ce 2.25 2.45 12.62 0.030 1.67 
1Ca1Ce 1.09 1.18 47.60 0.056 3.71 
1Ca3Ce 0.51 0.55 25.72 0.041 2.20 
0Ca1Ce 0 0 17.27 0.036 1.78 
* Bulk Ca/Ce molar ratio was measured by ICP-OES and surface Ca/Ce molar ratio was 
determined by XPS. 
 
The isotherms and textural properties of the CaO-CeO2 catalysts are shown in 
Figure 6.3 and Table 6.1, respectively. No hysteresis loop was observed on the 
isotherms of 1Ca0Ce and 0Ca1Ce catalysts; however, the isotherms of 1Ca1Ce and 
1Ca3Ce clearly display the Type IV adsorption isotherm with Type H3 hysteresis loop, 
indicating the formation of the mesoporous structure of catalysts (Aligizaki, 2005, and 
Song et al., 2007). The isotherm of 3Ca1Ce catalyst shows the distorted Type IV 
adsorption isotherm with unclear hysteresis loop, suggesting that partial mesoporous 
structure was formed on the 3Ca1Ce catalyst. Table 6.1 shows that the pore size of the 
1Ca1Ce and 1Ca3Ce catalysts is in the mesoporous range (2–50 nm) whereas the pore 
size of other catalysts is in the microporous range (< 2 nm) (Rouerol et al., 1994). 
In addition, the surface area of the catalyst increased when the cerium loading 
increased and reached the maximum surface area for 1Ca1Ce catalyst. The surface area 
then decreased with a further increase of the cerium loading. It is worth noting that the 
surface area of 1Ca1Ce and 1Ca3Ce catalysts was higher than those of the other 
catalysts possibly due to the formation of mesoporous structure. The mesoporous 
structure of 1Ca1Ce and 1Ca3Ce catalysts is possibly formed from the slow formation 
of gel network caused by the slow co-precipitation process and different molar ratios 
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of Ca and Ce in precursor solution; both the speed of precipitation and the 
concentration of precursor solution were found to have a significant impact on the 
precipitation process to form the mesostructure of the CaO-CeO2 catalyst (Brinker and 
Scherer, 1990, and Yan et al., 2010). 
 
 
Figure 6.3 N2 adsorption/desorption isotherms of (a) 1Ca0Ce, (b) 0Ca1Ce, (c) 3Ca1Ce, 
(d) 1Ca3Ce and (e) 1Ca1Ce catalysts. 
 
Table 6.2 shows the total basicity and base strength of the catalysts evaluated 
by the Hammett indicator method. The 0Ca1Ce catalyst showed the lowest total 
basicity and base strength. The highest base strength of 0Ca1Ce was only in the range 
of 4.2 < H_ < 6.8, which is in good agreement with the literature (Choudhary et al., 
1999, Bancquart et al., 2001 and Istadi and Saidina Amin, 2006). The 1Ca0Ce catalyst 
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CaO-CeO2 catalysts showed higher total basicity and base strength than either the 
1Ca0Ce or 0Ca1Ce catalysts. The 1Ca0Ce catalyst showed the highest base strength in 
the range of 6.8 < H_ < 7.2, which is in good agreement with the literature (Yan et al., 
2009). Meanwhile, the 3Ca1Ce and 1Ca3Ce catalysts showed the highest base strength 
in the range of 7.2 < H_ < 9.8, and the 1Ca1Ce catalyst showed the highest base 
strength in the range of 9.8 < H_ < 18. This result indicates that the CaO-CeO2 catalyst 
generally has higher total basicity and base strength than either pure CaO or CeO2. The 
higher total basicity of CaO-CeO2 catalyst based on the Hammett indicator 
measurement is due to the higher surface area of the catalyst as shown in Table 6.1, 
resulting in more numbers of the base sites on the catalyst surface. 
 
Table 6.2 Basicity and FAME yield of catalysts 
Sample*  






   4.2 < H_ < 6.8 6.8 < H_ < 7.2 7.2 < H_ < 9.8 9.8 < H_ < 18 
1Ca0Ce  0.3 0.1 - - 0.4  96.7 
3Ca1Ce  0.8 1.9 0.8 - 3.5  93.2 
1Ca1Ce  0.5 2.3 8.3 2.5 13.6  97.6 
1Ca3Ce  0.7 2.0 6.7 - 9.4  54.7 
0Ca1Ce  0.1 - - - 0.1  16.5 
* The catalyst was calcined at 650 ºC. 
** Reaction condition: PO:ME = 1:20, 85 °C, 6 h and 5 wt % catalyst. 
 
 
XPS was used to study the surface species of CaO-CeO2 catalysts in order to 
evaluate the increase of base strength of the mixed oxide catalysts. Table 6.3 shows the 
XPS spectra and the surface analysis results of the catalysts. 
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Table 6.3 Binding energy and surface percentage of elements of catalysts 
Sample 
Binding energy (eV) 
 
Surface percentage (%) 
 Surface atomic 
ratio 










Ol  Ol:Oa Ce
3+:Ce4+  
1Ca0Ce 347.10 529.00 531.45 - -  23.46 - - 2.14  0.02 - 
3Ca1Ce 346.80 528.70 531.20 889.40 885.35  21.26 7.48 1.20 10.90  0.16 0.16 
1Ca1Ce 346.60 528.60 530.95 889.35 885.30  17.05 11.57 2.88 30.30  0.58 0.25 
1Ca3Ce 346.50 528.80 531.20 889.30 885.10  10.03 13.72 4.52 27.20  0.44 0.33 
0Ca1Ce - 529.05 531.85 889.20 885.00  - 14.49 7.13 60.48  2.98 0.49 
 
The binding energies (BE) at ca. 889, 885, 347, 532, and 529 eV have been 
respectively assigned to Ce 3d in the cerium (IV) oxidation state (Ce
4+
), Ce 3d in the 




2p, Oa (adsorbed oxygen) and Ol (lattice oxygen) 
(Truffault et al., 2010, Yan et al., 2010, and Yu et al., 2011). The BE of Ca 2p shifted 
slightly toward a lower value with the increase of Ce content, suggesting the 
interaction of Ca with the catalyst surface (Jing et al., 2004, and Yan et al., 2009). The 
BE of Oa and Ol also shifted toward to a lower value. It is worth noting that the BE of 
Ol and Oa of the CaO-CeO2 catalysts was lower than that of the 1Ca0Ce catalyst. The 
shifting of the BE of oxygen species to lower value suggests that there is an electron 
transfer to the oxygen species on the surface of CaO-CeO2 catalysts, indicating the 
electron acceptor property of the surface oxygen species. Table 6.3 also shows the 




, which decreased with the Ca content, suggesting that 
the amount of Ce
3+
 species decreased and the amount of Ce
4+
 species increased when 




 slightly shifted to a 
higher value.
 




 ratios suggest 
that the electron transfer has occurred from the electron-donating Ce to O by cerium-
Chapter 6.  Synthesis of active and stable CaO-CeO2 catalyst for transesterification of oil and methanol 
 90 
doped with calcium. This result is in good agreement with the previous work reporting 
the reduction property of cerium-doped with alkali (Truffault et al., 2010 and Yu et al., 
2011). Among the CaO-CeO2 catalysts, the 1Ca1Ce catalyst showed the lowest BE of 
Ol and Oa, suggesting that 1Ca1Ce catalyst had the most electron-rich property. 
Although the difference of the BE value of oxygen species on the CaO-CeO2 catalyst 
is ca. 0.1-0.2 eV, the result shows that the small difference in BE value of the oxygen 
species could cause the difference in base strength of the catalyst. Similar observation 
has been observed by Yu et al. (2011) for CaO-CeO2 catalyst, Wen et al. (2010) for Li-
doped MgO catalyst, Cantrell et al. (2005) for MgO-Al2O3 catalyst and Vidruk et al. 
(2009) for MgO-aerogel. Therefore, the shifting of the BE of the surface oxygen 
species on the CaO-CeO2 catalysts toward lower value suggests that the CaO-CeO2 
catalysts have higher base strength (Hattori, 1995, and Yu et al., 2011). 
Table 6.3 also shows the Ol to Oa surface atomic ratio of CaO-CeO2 catalysts. 
The Ol to Oa ratios of the 0Ca1Ce and CaO-CeO2 catalysts were remarkably higher 
than that of the 1Ca0Ce catalyst, indicating that the amount of O
2-
 species on the 
0Ca1Ce and CaO-CeO2 catalysts was significantly higher than that of the 1Ca0Ce 
catalyst. The O
2−
 species has been reported to be the strong base site and the -OH 
species to be the weak base site for solid base catalysts (Di Cosimo et al., 1998, Fraile 
et al., 2010, and Wen et al., 2010). The CaO-CeO2 catalyst had higher Ol to Oa ratios 
than the 1Ca0Ce catalyst, indicating that the amount of strong base sites on the CaO-
CeO2 catalyst was higher than that on the 1Ca0Ce. Although the 0Ca1Ce catalyst had 
the highest Ol to Oa ratio, it had very low basicity due to the nature of the oxygen 
species of CeO2 (Russbueldt and Hoelderich, 2010). Therefore, the high Ol to Oa ratios 
of CaO-CeO2 catalyst suggests that the CaO-CeO2 catalysts generally had high amount 
of strong base sites. In addition, the high surface area of CaO-CeO2 catalysts (Table 
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6.1) benefits the exposure of base sites, leading to the high total basicity of the 
catalysts and this result is in good agreement with the literature (Yan et al., 2009 and 
2010, and Yu et al., 2011). This result indicates that the CaO-CeO2 mixed oxide 
catalysts synthesized by simple gel-formation via co-precipitation have higher total 
basicity, base strength and surface area than either pure CaO or CeO2 catalyst. 
 
6.2.2 Catalytic activity 
Figure 6.4 shows the percentage FAME yields of the 1Ca0Ce, 1Ca3Ce, 
1Ca1Ce, 3Ca1Ce and 0Ca1Ce catalysts for the transesterification reaction carried out 
with a palm oil–to-methanol ratio (PO:ME) of 1:20 at 85 ºC (with the pressure less 
than 5 atm) with 5 wt % catalyst (with respect to the weight of oil).  
 
Figure 6.4 Catalytic performance of CaO-CeO2 catalysts with various Ca/Ce 
molar ratios. 
 
The 0Ca1Ce catalyst showed poor catalytic performance due to the low basicity 
of cerium oxide (Russbueldt and Hoelderich, 2010). The 1Ca3Ce catalyst showed 
some improvement of the catalytic performance due to the increase of catalyst basicity 
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as compared to the 0Ca1Ce catalyst. With a further increase of calcium content in the 
catalyst, the 1Ca1Ce, 3Ca1Ce and 1Ca0Ce catalysts showed better catalytic 
performance than the 0Ca1Ce and 1Ca3Ce catalysts. However, a tremendous amount 
of catalyst components was observed to leach out from the 1Ca0Ce and 3Ca1Ce 
catalysts into the reaction media during the reaction. 
Figure 6.5 shows the FAME yield of the CaO-CeO2 catalysts and the 
concentration of the calcium and cerium species leaching into the product phase after 6 
h of reaction. The FAME yield of 1Ca0Ce, 3Ca1Ce and 1Ca1Ce catalysts was higher 
than that of 1Ca3Ce and 0Ca1Ce catalysts. However, a high concentration of calcium 
and cerium species was observed in the product phase of 1Ca0Ce and 3Ca1Ce 
catalysts whereas a low concentration of calcium and cerium species was found in the 
product phase of 1Ca1Ce, 1Ca3Ce and 0Ca1Ce catalysts.  
The dissolved homogeneous species are known to be involved in the catalysis 
of the reaction (Kim et al., 2011 and Yu et al., 2011). To investigate whether the 
leached homogeneous species could affect the FAME yield, the solid catalyst was 
stirred in methanol for 1 h to leach out those unstable catalytic species from the solid 
phase into the methanol solution. The solid catalyst was separated from the methanol 
solution before the methanol solution was mixed with palm oil at PO:ME molar ratio 
of 1:20 and the reaction was started at 85 ºC. 
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Figure 6.5 Catalytic performance of CaO–CeO2 catalysts and leaching content 




Figure 6.6 Catalytic performance of the homogeneous catalytic species leached 
from each CaO-CeO2 catalysts. 
 
Among these CaO-CeO2 catalysts, the 1Ca1Ce catalyst is found to be the 
optimum catalyst as it has excellent catalytic performance with low leaching of 
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homogeneous catalytic species into the reaction media. The 1Ca1Ce catalyst has 
superior catalytic performance for transesterification because it has: 1) the best catalyst 
texture (i.e., the highest surface area, largest pore size and highest pore volume), 2) the 
highest total basicity and base strength, and 3) the most obvious interaction between 
Ca and Ce catalyst components of 1Ca1Ce catalyst.  
 
6.2.3 Effect of calcination temperatures 
It was reported that the leaching of calcium-based catalysts could be 
diminished by catalyst calcination at high temperature to enhance the interaction of the 
catalyst components (Liu et al., 2008 and Yu et al., 2011). However, calcination 
temperature could affect the surface area and basicity of the catalyst (Yan et al., 2010). 
Therefore, the effect of calcination temperature was investigated on the 1Ca1Ce 
catalyst to further understand the relationship between calcination temperature, surface 
area, basicity of the catalyst and catalytic performance. 
 















 4.2 < H_ < 6.8 6.8 < H_ < 7.2 7.2 < H_ < 9.8 9.8 < H_ < 18 
1Ca1Ce-500  49.74  0.7 5.9 3.5 0.1 10.2  93.2 
1Ca1Ce-650  47.60  0.5 2.3 8.3 2.5 13.6  97.6 
1Ca1Ce-750  23.54  0.5 2.3 4.4 1.5 6.7  85.7 
a
 Reaction condition: PO:ME = 1:20, 85 °C, 6 h and 5 wt % catalyst 
 
Table 6.4 shows the surface area and basicity of 1Ca1Ce catalysts calcined at 
500, 650 and 750 °C (these catalysts are respectively designated as 1Ca1Ce-500, 
1Ca1Ce-650 and 1Ca1Ce-750). The surface area of 1Ca1Ce catalyst slightly decreased 
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with the increase of calcination temperature from 500 °C to 650 °C, but decreased 
significantly when the calcination temperature increased from 650 to 750 °C due to the 
dilapidation of the catalyst structure at high calcination temperature (Yu et al., 2011). 
With the increase of calcination temperature from 500 °C to 650 °C, the total basicity 
of 1Ca1Ce catalyst increased, reaching a maximum at 650 °C before it decreased with 
increasing calcination temperature to 750 °C. 
 
Table 6.5 Binding energy and surface percentage of elements of catalysts calcined at 
different temperatures 
Samples 















Ol Ol + Ca2p  
1Ca1Ce-500 346.40 528.80 531.05 889.30 885.20  15.12 8.91 2.54 27.23 42.4  0.29 
1Ca1Ce-650 346.50 528.60 530.95 889.35 885.30  17.05 11.57 2.88 30.30 47.4  0.25 
1Ca1Ce-750 346.60 528.55 530.90 889.40 885.35  14.34 12.92 3.03 32.76 47.1  0.19 
 
 
Table 6.5 shows the surface composition and chemical state of 1Ca1Ce catalyst 
at different calcination temperatures. The percentage amount of Ce 3d and Ol on the 
catalyst surface increased with the increase of calcination temperature. In contrast, the 
percentage of Ca 2p on the catalyst surface increased with the increase of the 
calcination temperature from 500 °C to 650 °C, reaching the maximum at 650 °C 
before decreasing with calcination temperature at higher temperatures. However, the 
total amount of surface components (Ca 2p + Ol) increased with the increase of 
calcination temperature. Since it has been reported that the amount of surface 
component could affect the basicity of the catalyst (Yan et al., 2010); therefore, these 
results suggest that a change of the total amount of surface components and surface 
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area with calcination temperature influence the basicity of the catalyst; this observation 
is in good agreement with the previous work (Yan et al., 2010). The surface area of 
1Ca1Ce-500 was comparable to the surface area of 1Ce1Ce-650 catalyst but the total 
amount of surface components of 1Ca1Ce-500 catalyst was less than that of 1Ca1Ce-
650 catalysts, resulting in the lower total basicity of the 1Ca1Ce-500 catalyst. On the 
other hand, the total amount of surface components of 1CaCe-750 catalyst was 
comparable to that of 1Ca1Ce-650 catalyst but the surface area of  1Ca1Ce-750 
catalyst was only around half of that of 1Ca1Ce-650 catalyst; hence the  1Ca1Ce-750 
catalyst  has lower total basicity than the 1Ca1Ce-650 catalyst. 
It was reported that calcination at high temperature could enhance the 
interaction between catalyst components (Lui et al., 2008 and Yu et al., 2011). 
Therefore, IR-Raman spectroscopy was used to observe the interaction between the 
catalyst components of the 1Ca1Ce catalyst calcined at different temperatures. Figure 
6.7 shows the Raman spectra of 1Ca1Ce catalysts calcined at different temperatures. 
The intensity of two broad bands at 255 and 610 cm
-1
, which are attributed to the 
interaction between CaO and CeO2 (Berger et al. 2007, Wen et al., 2010, and Yu et al., 
2011), gradually increased with calcination temperature, suggesting the enhancement 
of interaction between calcium and cerium species in the bulk catalyst. 
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Figure 6.7 IR-Raman spectra of a) 1Ca1Ce-500, b) 1Ca1Ce-650 and c) 1Ca1Ce-750 
catalysts. 
 
Figure 6.8 shows the catalytic performance of 1Ca1Ce catalyst at different 
calcination temperatures, with the order of the activity as follows:  1Ca1Ce-650 > 
1Ca1Ce-500 >> 1Ca1Ce-750. The 1Ca1Ce-750 catalyst required the longest time to 
produce high FAME yield as it has the lowest total basicity (as shown in Table 6.4). 
The low total basicity of the 1Ca1Ce-750 catalyst is due to the loss of surface area with 
high calcination temperature, leading to the inferior catalytic activity of this catalyst 
(Lopez et al., 2005 and Yu et al., 2011). 
The amount of calcium and cerium species leaching out from the catalysts 
decreased with calcination temperature as follows: 1Ca1Ce-500 >> 1Ca1Ce-650 > 
1Ca1Ce-750 (Figure 6.9). The low leaching at high calcination temperature is due to 
the enhancement of the interaction of the two metal oxides at high calcination 
temperature as evidenced by the IR-Raman result. 
 
255 610 c) 
b) 
a) 
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Figure 6.8 Catalytic performance of 1Ca1Ce catalysts with different calcination 
temperature (PO:ME = 1:20, 5 wt % catalyst, 85 °C). 
 
 
Figure 6.9 Catalytic performance of 1Ca1Ce catalysts and leaching content of 
homogeneous species leached out from the catalyst calcined at different temperatures 
after 6 h of reaction. 
 
Figure 6.10 shows the catalytic performance of the methanol solution 
containing the homogeneous active species leaching out from the solid catalyst 
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calcined at different temperatures. Since active species have been mentioned earlier to 
be involved in the catalysis (Kim et al., 2011 and Yu et al., 2011), it is not surprised 
that the highest FAME yield was produced from the reaction of palm oil with the 
highest amount of active homogeneous species leaching out from the 1Ca1Ce-500 
catalyst. The lower FAME yield was observed on the 1Ca1Ce0650 and 1Ca1Ce-750 
catalysts due to their lower leaching content. This result suggests that the FAME yield 
was mainly produced from the reaction catalyzed by the solid part of 1Ca1Ce-650 and 
1Ca1Ce-750 catalysts and not by the active homogeneous species leaching out into the 
reaction media. 
 
Figure 6.10 Catalytic performance of the homogeneous catalytic species leached out 
from solid catalysts calcined at different temperatures. 
 
The above results suggest that the leaching of homogeneous species could be 
reduced using high calcination temperature to enhance the interaction between the two 
metal oxides (Lui et al., 2008 and Yu et at., 2011). However, the catalyst would lose 
surface area and basicity at very high calcination temperature, hence leading to its low 
catalytic activity. Therefore, the optimum catalyst is the 1Ca1Ce-650 catalyst since it 
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has the high total basicity in tandem with the low content of catalyst components 
leaching out into the reaction media. 
 
6.2.4 Effect of reaction conditions 
 Based on its superior catalytic activity as shown above, the 1Ca1Ce catalyst 
was chosen for further study on the effects of the following reaction conditions on 
FAME yield: the amount of catalyst, the palm oil–to-methanol molar ratio (PO:ME), 
and the reaction temperature (Appendix F). 
To study the effect of catalyst dosage, the amount of catalyst was varied from 1 
to 10 wt % catalyst under PO:ME of 1:20 at 85 ºC. Figure 6.11 shows that the increase 
of the catalyst amount gave higher FAME yield after about 2 h of reaction and the 
optimum catalyst amount was 5 wt %. The decrease of catalyst performance at catalyst 
loading higher than 5 wt % was attributed to the higher viscosity of the solution caused 
by the presence of the large amount of catalyst, hence inhibiting mass transfer in the 
liquid-liquid-solid interfacial system (Kim et al., 2004). Based on this result, the 
optimum catalyst dosage of this reaction system was 5 wt %. 
 
 
Figure 6.11 Effect of catalyst dosages on the catalytic performance of 1Ca1Ce catalyst. 
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 The effect of palm oil-to-methanol molar ratios (PO:ME) was studied by 
varying the PO:ME ratio from 1:6 to 1:40 using 5 wt % catalyst at 85 ºC.  
 
Figure 6.12 Effect of PO:ME on the catalytic performance of 1Ca1Ce catalyst. 
 
Figure 6.12 shows that the FAME yield increased significantly with methanol 
content. Theoretically, the triglyceride-to-methanol molar ratio is 1:3, but excess 
methanol is generally required, not only to drive the reaction to the product side, but 
also to remove some product from the active sites of the catalyst to regenerate catalytic 
active sites (Yan et al., 2008). However, a further increase of the molar ratio (above 
1:20) did not have much impact on the FAME yield, as the reaction had already 
reached equilibrium at high FAME yield. Therefore, the optimum PO:ME in this 
reaction system was 1:20. 
The effect of reaction temperature on FAME yield was investigated by varying 
the reaction temperature from 60 ºC to 150 ºC under PO:ME of 1:20 with 5 wt % 
catalyst.  
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Figure 6.13 Effect of reaction temperatures on the catalytic performance of 1Ca1Ce 
catalyst. 
 
Figure 6.13 shows that at 60 ºC the FAME yield was less than 30% after 1 h. 
However, when the reaction temperature was 85 ºC, the FAME yield could reach 
above 80% only after 1 h of reaction time. The FAME rapidly reaches a high 
percentage yield at high reaction temperature due to the enhancement of the reactant 
diffusion and the miscibility of the oil and methanol phases. Since the reaction mixture 
is a three-phase system (oil-methanol-catalyst) in this heterogeneous catalysis, the 
reaction can be retarded by diffusion resistance between the different phases. 
Increasing the reaction temperature could decrease the viscosity of the mixture, hence 
enhancing the miscibility of the oil and methanol liquid phases and the diffusion of the 
reactants in the miscible liquid phase (Noureddini and Zhu, 1997). Therefore, the high 
FAME yield could be obtained in a short time at high reaction temperature. However, 
a further increase of the reaction temperature could not significantly increase the 
FAME yield. Based on this result, the optimum reaction temperature of this reaction 
system was 85 ºC. 
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6.2.5 Effect of water and free fatty acid in feed stocks 
 Water and free fatty acid (FFA) in feed stocks are the important problems for 
base-catalyzed transesterification (Hideki et al., 2001, Demirbas, 2003 and 2007, 
Russbueldt and Hoelderich, 2010, and Canakci and Gerpen, 1999). In order to study 
the effect of water and FFA in feed stock on the catalytic performance of the 1Ca1Ce 
catalyst, palm oil with 0.5 to 10 wt % water or FFA was used as a feed stock for 
transesterification. The reaction was carried out at the optimum conditions (85 ºC, 5 
wt % catalyst, PO:ME = 1:20) for 6 h. The catalytic performance of the 1Ca1Ce 
catalyst is compared with the performance of NaOH catalyst, which is commonly used 
in industry of biodiesel production (Demirbas, 2003, Schuchardta et al., 1998, Sprules 
and Price, 1950, and Serio et al., 2008). 
 
6.2.5.1 Effect of water in feed stock 
Figure 6.14 shows the effect of water in the feed stock on FAME yield over the 
1Ca1Ce and NaOH catalysts.  
 
Figure 6.14 Effect of water content in feed stock on catalytic activity of NaOH () 
and 1Ca1Ce () catalysts at various water contents. 
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The catalytic performance of the NaOH catalyst significantly decreased with 
water content in the feed stock. This result is not surprising as it is well-known that 
water in the feed stock can retard the activity of NaOH during transesterification 
reaction via soap formation, which reduces the efficiency of the catalyst (Freedman et 
al 1984 and Ma et al., 1998). In addition, the soap product can increase the viscosity of 
the mixture, retarding the diffusion of reactants in the liquid phase (Hideki et al., 2001, 
Demirbas, 2003 and 2007, and Noureddini and Zhu, 1997). Interestingly, the 
performance of 1Ca1Ce catalyst was relatively stable even with the water content in 
the feed stock up to 10 wt %. This result suggests that the 1Ca1Ce catalyst has a good 
resistance to in the feed stock containing water content. 
To investigate the effect of water on the basicity of 1Ca1Ce catalyst, the 
catalyst was stirred in water for 15 min before it was separated from the mixture and 
the basicity of the catalyst was then measured using Hammett indicator-benzene 
carboxylic acid titration (Yan et al., 2009). Table 6.6 shows that the total basicity of 
the 1Ca1Ce catalyst after being stirred in water only slightly decreased; this result is 
consistent with the high stability of this catalyst in the presence of high amount of 
water in the feed stock. 
 
Table 6.6 Basicity of 1Ca1Ce catalyst before and after being treated with water and 
FFA  
Sample  
Basicity (mmol/g)  Total Basicity 
(mmol/g)    4.2 < H_ < 6.8 6.8 < H_ < 7.2 7.2 < H_ < 9.8 9.8 < H_ < 18  
1Ca1Ce  0.5 2.3 8.3 2.5  13.6 
1Ca1Ce+ 
water* 
 0.7 8.9 2.4 0.5  12.5 
1Ca1Ce + 
FFA* 
 0.3 - - -  0.3 
* 1Ca1Ce catalyst was immerged into water or FFA for 15 min, separated from the mixture and then measured 
base strength using Hammett indicator method and the basicity using Hammett indicator-benzene carboxylic acid 
titration. 
Chapter 6.  Synthesis of active and stable CaO-CeO2 catalyst for transesterification of oil and methanol 
 105 
6.2.5.2 Effect of free fatty acid in feed stock 
Figure 6.15 shows the effect of FFA content in the feed stock on the 
performance of 1Ca1Ce and NaOH catalysts. 
The catalytic performance of NaOH decreased drastically (FAME yield less 
than 80%) although the FFA content in the feed stock was very low (only 1 wt %). 
This result shows that FFA in the feed stock strongly affected the performance of 
NaOH. This result is not surprising as FFA in the feed stock can react with NaOH to 
form soap in the reaction mixture, hence causing high viscosity of the mixture and 
retarding the diffusion of reactants in the liquid phase (Hideki et al., 2001, Demirbas, 
2003 and 2007, and Noureddini and Zhu, 1997). In addition, NaOH can be neutralized 
by the FFA in the feed stock, resulting in the deactivation of NaOH (Hideki et al., 2001, 
Russbueldt and Hoelderich, 2010, and Canakci and Gerpen, 1999). It is worth noting 
here that the FAME yield of 1Ca1Ce catalyst decreased to less than 80% only when 
the FFA in the feed stock was more than 5 wt %. This result suggests that 1Ca1Ce 
catalyst had much higher resistance to FFA in the feed stock than NaOH. 
 
 
Figure 6.15 Effect of FFA in feed stock on catalytic activity of NaOH () and 
1Ca1Ce () catalysts at various FFA contents. 
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To investigate the effect of FFA on the basicity of 1Ca1Ce catalyst, the catalyst 
was stirred in FFA solution for 15 min before it was separated from the mixture and its 
basicity was measured using Hammett indicator-benzene carboxylic acid titration (Yan 
et al., 2009). Table 6.6 shows the significant decrease of the total basicity of 1Ca1Ce 
catalyst after being stirred in FFA solution due to the neutralization of FFA at the 
active base sites on the catalyst surface (Yan et al., 2009). This result suggests that the 
1Ca1Ce catalyst could stand for the feed stock with moderate FFA content (≤ 5 wt %). 
 
6.2.6 Catalyst reusability and durability 
 In order to investigate the reusability of the catalyst, the transesterification 
reaction was carried out at the optimum reaction conditions (PO:ME = 1:20, 5 wt % 
catalyst, 85 ºC). The catalyst was separated from the biodiesel product after 6 h of 
reaction, washed with n-hexane, dried at 80 ºC and then reused in the 
transesterification reaction.  
Figure 6.16 shows the percentage FAME yield of 1Ca1Ce and 1Ca0Ce 
catalysts at each reaction cycle. The 1Ca0Ce catalyst showed high catalytic 
performance at the first reaction cycle but the catalytic activity decreased significantly 
at the second round. Moreover, the 1Ca0Ce catalyst could not be recovered after the 
second cycle of reaction. On the other hand, the good performance of 1Ca1Ce catalyst 
(> 90% FAME yield) was maintained even up to 5 cycles. This result suggests the 
good reusability of 1Ca1Ce catalyst in the transesterification reaction. 
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Figure 6.16 Reusability of () 1Ca1Ce and () 1Ca0Ce catalysts. 
 
To investigate the catalyst durability, the transesterification reaction was 
carried out using 1Ca1Ce catalyst under PO:ME ratio of 1:20 at 85 ºC with 5 wt % 
catalyst (with respect to the weight of oil). After each cycle of 10 h of the reaction, the 
product was collected and then new batch of reactants were fed into the reactor 
containing the used catalyst. The FAME yield of the collected product for each cycle 
was analyzed and the concentration of calcium and cerium species leaching into the 
collected product was measured. 
Figure 6.17 shows that the performance of the 1Ca1Ce catalyst could be stably 
maintained even up to 18 reaction cycles. Figure 6.17 also shows the concentration of 
leached calcium and cerium species leaching into the product phase after each reaction 
cycle. High concentration of leached calcium and cerium species was observed in the 
first cycle of reaction. The concentrations of dissolved calcium and cerium species 
were 102 and 57 ppm, respectively. The concentration of calcium and cerium species 
decreased significantly with subsequent reaction cycles, becoming lower than 5 ppm 
after 10
th
 cycle. The decrease of the amount of dissolved species is possibly attributed 
Chapter 6.  Synthesis of active and stable CaO-CeO2 catalyst for transesterification of oil and methanol 
 108 
to the interaction between catalyst components (i.e., the interaction between Ca and Ce 
due to the vacancies created by the substitution of Ce
 
ions by Ca ions as shown in IR-
Raman result and due to the electron transfer between the catalyst components as 
shown in XPS results, shown in Chapter 6). With this interaction, the leaching of the 
catalyst components decreased (Dossin et al., 2006), leading to the high stability of the 
catalyst in the transesterification reaction. After the 10
th
 cycle, the high FAME yield 
(>90%) was maintained even up to 18 reaction cycles. Since the concentration of 
dissolved calcium and cerium species in the reaction media was very low (i.e., less 
than 5 ppm), the FAME yield from the 10
th
 cycle onward was mainly contributed by 
the solid 1Ca1Ce catalyst and not by the homogenous catalytic species dissolved in the 
reaction mixture. This result clearly suggests that the 1Ca1Ce catalyst is very stable 
and durable during transesterification reaction and the contamination of the catalyst 
component in the biodiesel product is no longer a problem for the long-term usage of 
this catalyst. 
 
Figure 6.17 Durability of 1Ca1Ce catalyst with leaching content of catalyst 
components. 
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6.3 Conclusions 
 The CaO-CeO2 catalyst, which has been successfully synthesized using simple 
gel-formation via co-precipitation method, showed better catalytic performance than 
pure CaO catalyst (1Ca0Ce) and pure CeO2 catalyst (0Ca1Ce). Among a series of 
CaO-CeO2 catalysts, the 1Ca1Ce catalyst calcined at 650 ºC (1Ca1Ce-650) showed the 
best catalytic performance for transesterification (with 95% FAME yield within 3 h) as 
it has favorable catalyst textures with the highest total basicity and base strength. The 
catalyst also showed low leaching amount of catalyst components possibly due to the 
interaction between catalyst components (i.e., Ca and Ce). This interaction was 
attributed to the vacancies created by the substitution of Ce
 
ions by Ca ions as 
observed by IR-Raman and to the electron transfer between the catalyst components as 
observed by XPS spectroscopy. The optimum reaction condition of the catalyst was 
under PO:ME of 1:20 with 5 wt % catalyst at 85 ºC. The catalyst also showed very 
good tolerance to water (up to 10 wt %) and FFA (up to 5 wt %) in the feed stock. The 
catalyst could be reused up to 5 reaction cycles without significant decrease of 
catalytic performance. In addition, the catalyst could be reused up to 18 times with 
good performance (> 90% FAME yield). The concentration of Ca and Ce species 
leaching into the product phase was already less than 5 ppm after the catalyst was 
reused for 10 times. These results suggest that 1Ca1Ce catalyst is a promising catalyst 
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Chapter 7.  Ca-doped Ce-incorporated SBA-15 catalyst for 
transesterification of oil 
 
7.1 Introduction 
Although the CaO-CeO2 catalyst presented in Chapter 6 showed good catalytic 
performance, the overall textural properties of the mixed oxide catalyst were still not 
suitable for the transesterification of the bulky molecule such as oil (Chen et al., 2007). 
The discovery of mesoporous materials opened new dimensions for improving 
catalytic performance of solid catalyst for biodiesel production. Among the 
mesoporous materials, SBA-15 synthesized with triblockcopolymer as a surfactant 
under strong acidic conditions has received increasing attention for the reaction of 
bulky reactants due to larger pore sizes, higher thermal stability associated to thicker 
pore walls, compared with M41S mesoporous materials (Albuquerque et al., 2008, 
Zhao et al., 2008, Dai et al., 2007, Segura et al., 2005, Wang et al., 2005, Han et al., 
2006, Wu et al., 2006 and Sawant et al., 2007). 
Previously, there are many works reported about synthesis of cerium 
incorporated SBA-15. Timofeeva et al. (2007) synthesized Ce-SBA-15 using 
hydrothermal method for cyclohexanol and cyclohexene oxidation with hydrogen 
peroxide. They found that Ce-incorporated SBA-15 could enhance the catalytic 
activity of the catalyst and the recycling ability of the catalyst. However, CeO2 
agglomeration was found after reaction. Dai et al. (2007) synthesized Ce(III)-
incorporated SBA-15 using two-step synthesis method and they found that pH of the 
synthesis reaction could control the species of Ce substituted in the framework of 
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SBA-15. However, they did not show the application of this material. Selvaraj et al. 
(2011) synthesized Ce(IV)-incorporated SBA-15 catalyst using direct synthesis 
method for oxidation of cyclohexane. They found that the Ce(IV) incorporated SBA-
15 catalyst showed higher catalytic activity than the Ce-impregnated SBA-15 catalyst. 
Escamilla-Perea et al. (2010) found that the performance of Au metal catalyst for CO 
oxidation could be enhanced by supporting on Ce-incorporated SBA-15 due to the 
good dispersion of catalyst and the interaction between the metal catalyst and the 
support. Ce-incorporated SBA-15 was found to improve the catalytic activity for many 
reactions as mentioned. However, up to date, the SBA-15 support has not been applied 
for CaO mixed CeO2 catalyst for reactions of bulky reactant such as oil. 
In addition, other important properties of the catalyst have not been 
investigated. For instance, the serious problem of Ca-based catalyst is the leaching of 
the catalyst components during the reaction. The initial amount of catalyst components 
leaching into the product phase was relatively high (i.e., 102 ppm of Ca and 57 ppm of 
Ce). Therefore, the additional separation and purification processes were required to 
separate and purify the contaminants, leading to generate the large amount of waste 
water to the environment. CaO supported on SBA-15 catalyst showed better catalytic 
activity than NaOH in transesterification of ethyl butyrate with methanol (Albuquerque 
et al., 2008). Ca incorporated SBA-15 by one-pot synthesis showed a good catalytic 
performance in transesterification of sunflower oil and methanol (Sun et al., 2010). 
However, the durability of the catalysts and the leaching of the catalyst components 
were not reported. Although SBA-15 can improve the catalytic activity due to its high 
surface area, it possibly still has the inherent problems of the leaching of catalyst 
components from the support and the ability to use this catalyst for long-term. 
Therefore, the research needs to be carried out to improve the surface properties of 
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SBA-15 to enhance the durability of catalyst and to prevent the leaching of the catalyst 
components. In addition, the Ca-based catalysts are generally known that the resistance 
to water and free fatty acids in feed stocks is very low. The problems mentioned above 
are serious problems of CaO-CeO2 catalyst and they are the huge obstruction for 
application of this catalyst in biodiesel industry (Hideki et al., 2001, and Demirbas, 
2003) 
Therefore, in this chapter, mesoporous silica supports were used to improve the 
texture of the CaO mixed CeO2 catalyst for transesterification of bulky reactants. 
Firstly, different types of silica supports were impregnated by calcium oxide and study 
the effect of support on the catalytic activity for transesterification of palm oil and 
methanol. After that, the support showing the best catalytic performance was selected 
for the further study. The Ce-incorporated SBA-15 support which had the best catalytic 
performance was synthesized by direct synthesis with various Si/Ce molar ratios and 
pH values of synthesis solution. After Ca-doping by impregnation, the catalyst was 
used as a catalyst for transesterification of palm oil and methanol. Effects of Si/Ce 
molar ratios and Ca-loading contents on the catalytic performance were studied 
investigated. Furthermore, the effect of preparation methods, reaction conditions, water 
and FFA content in feed stock were studied. In addition, the durability and reusability 
of Ca-doped Ce-incorporated SBA-15 catalyst was investigated. 
 
7.2 Results and discussion 
 
Part 1: Effect of Silica Supports 
 
7.2.1 Comparison of CaO-supported silica supports 
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 To study the effect of supports on the catalytic performance for 
transesterification of palm oil and methanol silica supports, three types of silica 
supports (i.e., MCM-41, SBA-15 and amorphous silica) were used to screen the 
potential support for further study. Each support was impregnated by using the wet 
impregnation with aqueous solutions of calcium nitrate. The added amount of Ca-
loading is 30 wt %. After drying in air at 80 ºC, the solid resultant was calcination at 
650 ºC (3 ºC/min) for 3 h. The sample was designated as CaO/SBA, CaO/MCM and 
CaO/AS for CaO-impregnated SBA-15, CaO-impregnated MCM-41 and CaO-
impregnated amorphous silica, respectively. 
 Figure 7.1 shows the XRD patterns at low angle of the CaO/SBA, CaO/MCM 
and CaO/AS catalyst.  
 
 
Figure 7.1 XRD patterns of CaO impregnated silica supports at low angle. 
 
After CaO impregnation, the ordered structure of MCM-41 was not observed 
whereas the ordered structure of SBA-15 still retained. The collapsed structure of 
CaO/MCM is due to the thin walls of MCM-41 which are easy to destroy; the ordered 
structure could not bare the severity of the impregnation process. On the other hand, 
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the thick walls and a long-range ordered structure of SBA-15 can stabilize calcium 
oxide species on its surface and avoids drastic structural transformations (Albuquerque 
et al., 2008). 
 
Table 7.1 Textural properties and composition of CaO impregnated silica supports 
Sample 








(mmol/g)  Added Measured* 
SBA-15 0 0 950 1.41 7.9 - 
MCM-41 0 0 1300 1.03 3.1 - 
Amorphous 
Silica 
0 0 850 0.92 1.9 - 
CaO/SBA 30 28.7 650 0.95 6.2 0.6 
CaO/MCM 30 28.9 320 0.48 1.7 0.3 
CaO/AS 30 29.2 280 0.32 1.1 0.2 
* Calculated from ICP-OES technique 
** Calculated by BJH method 
*** Measured by the Hammett indicator titration method 
 
 
Table 7.1 shows the catalyst composition and textural properties of CaO 
impregnated silica supports. The decrease of surface area, pore size and pore volume 
of these three catalysts is because the porous structure of the catalyst was destroyed by 
the impregnation process. Obviously, the surface area, pore size and pore volume of 
CaO/MCM decreased significantly. The drastic change of catalyst textures of 
CaO/MCM is due to the fact that the ordered mesoporous structure was destroyed by 
the impregnation process as observed by XRD. In addition, the decrease of pore 
volume of CaO/MCM catalyst is possible due to the partial blocking of the porous 
network by the presence of CaO crystallites (Albuquerque et al., 2008). The surface 
area of CaO/SBA decreased due to the partial destruction of ordered structure of the 
catalyst after impregnation process. However, the pore size and pore volume of 
CaO/SBA decreased only slightly. This result suggests that the ordered mesoporous 
structure of SBA-15 is strong and stands the severe conditions of impregnation process. 
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Table 7.1 also shows total basicity measured by the Hammett indicator method. 
Without CaO impregnation, all silica supports did not show any base property. 
However, after CaO impregnation, the highest base strength of all CaO-impregnated 
silica support was in the range of 6.8 < H_ < 7.2. Among the series of CaO 
impregnated silica supports, the CaO/SBA catalyst had the highest total basicity due to 
the highest surface area. In addition, it is possible due to the well dispersion of the CaO 
on the catalyst surface.  
 
 
Figure 7.2 The catalytic performance of CaO/MCM-41, CaO/SBA and CaO/AS 
(PO:ME = 1:20, 85 ºC, 5 wt % catalyst, 6 h). 
 
The catalytic performance of CaO/MCM-41, CaO/SBA and CaO/AS is shown 
in Figure 7.2. Obviously, the FAME yield of CaO/SBA was higher than that of 
CaO/MCM and CaO/AS. It was reported that the nature of the siliceous support 
probably has an important inﬂuence on the catalytic activity. Thus, the use of SBA-15 
gives rise to basic catalysts more active than those prepared with MCM-41 and 
amorphous silica (Albuquerque et al., 2008). As a matter of fact, the better catalytic 
performance of CaO/SBA could be explained by taking into account the highest 
stability of the SBA-15 without the significant structural-modification after CaO 
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impregnation. The CaO/SBA catalyst had the highest total basicity, caused by the 
favourable catalyst texture (i.e., large surface area, big pore size and high pore volume), 
resulting in the high dispersion of the active sites on the high surface area of the 
catalyst. 
 Based on the result from this study, mesoporous SBA-15 is the best support for 
the transesterification reaction. In the next section, SBA-15 support is selected to 
further study about supporting CaO-CeO2 on this mesoporous support. Ca-doped Ce-
incorporated SBA-15 was synthesized by using two steps: 1) Ce-incorporated SBA-15 
synthesized by direct synthesis and 2) Ca-doping by impregnation. To synthesize Ce-
incorporated SBA-15, two important reaction parameters (i.e., pH of synthesis solution 
and Si/Ce molar ratios) were investigated. 
 
Part 2: Catalyst Characterization 
 
7.2.2 Effect of pH 
The pH value of synthesis reaction is an important factor for the synthesis of 
the metal-containing mesoporous materials. SBA-15 is usually synthesized at strongly 
acidic condition (pH < 1); however, this synthesis condition is not favourable to 
synthesize Ce-incorporated SBA-15 samples (CeS) due to the high solubility of the 
cerium precursors, which hinders its incorporation into the silica walls of SBA-15 (Dai 
et al., 2007). Therefore, the effect of synthesis solution pH on the incorporation of Ce 
species in the framework of SBA-15 was investigated by varying the pH value of the 
synthesis solution from 0.7 to 10 by using 2 N of ethylenediamine. The Si/Ce molar 
ratio was fixed at 5. 
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Figure 7.3 XRD patterns of CeS-5 sample prepared at different pH value at low angle. 
 
The XRD patterns of the CeS samples at low and high diffraction angle are 
shown in Figure 7.3 and 7.4, respectively. For the samples prepared at pH of 0.7, the 
XRD spectra at low angle clearly displayed the diffraction pattern of (100), (110), and 
(200) at 2θ of ca. 1.0, 1.6 and 1.9, respectively, which matched well with the XRD 
pattern of ordered mesoporous SBA-15 (Zhao et al., 1998). These three diﬀraction 
peaks shifted to lower angle when the pH value of the synthesis solution was increased 
from 0.7 to 4, suggesting that the unit-cell parameters increased due to the presence of 
cerium in the framework of SBA-15. However, the diffraction peaks shifted to higher 
angle when the synthesis solution pH of 5, suggesting that the cerium only deposited 
on the surface of SBA-15 and was not introduced into the framework of SBA-15 (Dai 
et al., 2007). In addition, the intensity of the diﬀraction peak of (100) decreased 
drastically and two peaks of (110) and (200) disappeared gradually with further 
increasing pH value, suggesting the presence of partial disordered structure. The 
diﬀraction pattern of mesoporous SBA-15 was not observed for the sample 
pH = 0.7 
pH = 3 
pH = 4 
pH = 5 
pH = 6 
pH = 10 
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synthesized at pH ≥ 6, suggesting that the ordered mesoporous structure of SBA-15 
could not be formed at high pH value.  
 
Figure 7.4 XRD patterns of CeS-5 sample prepared at different pH value at high angle. 
 
The XRD spectra at high angle (Figure 7.4) did not display any diffraction 
peaks of CeO2 clusters when the pH value of the synthesis solution was less than 4. 
However, the peaks of CeO2 nanoclusters gradually appeared (Appendix G) and 
increased in intensity and sharpness with increasing pH value of the synthesis solution. 
This result suggests that the CeO2 crystal clusters prefer to form at high pH value of 
the synthesis solution. 
pH = 10 
pH = 6 
pH = 5 
pH = 4 
pH = 3 
pH = 0.7 
CeO2 
CeO2 CeO2 CeO2 
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Figure 7.5 DRUV spectra of CeS-5 sample prepared at different pH value: a) pH = 0.7, 
b) pH = 3, c) pH = 4, d) pH = 5, e) pH = 6 and f) pH = 10. 
 
Figure 7.5 shows diffuse-reflectance UV-vis (DRUV) spectra of CeS-x samples 
synthesized at various pH values. No absorption peak in the range of 220–550 nm was 
observed for the sample prepared at pH of 0.7, suggesting that no cerium species 
presents either in the framework or at extra-framework of the sample. For the CeS 
sample prepared at pH less than 4, a single peak at ca. 265 nm is observed, which is 
related to the charge transfer transition of O
2-
 → Ce(III) in the framework of SBA-15 
(Pesquera et al., 2004). The sample prepared at pH ≥ 4 displayed a single broad peak at 
ca. 300 toward 400 nm. The absorption band at 300 nm is attributed to the charge 
transfer transition of O
2-
 → Ce(IV) species (Bensalem et al., 1992) and the absorption 
band at ca. 360 nm toward 400 nm is attributed to the presence of cerium 
nanocrystallites, respectively (Timofeeva et al., 2007). These results suggest that Ce
3+
 
species could be incorporated in the SBA-15 framework in the synthesis reaction with 
pH < 4. The increase of pH value in the reaction system leads to the increase of Ce
4+
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synthesis solution increased, the intensity of the absorbance band increased, suggesting 
the increase of cerium content in the sample. 
When the pH value in the synthesis solution is too low (i.e., pH = 0.7), cerium 
could not incorporate into the framework of SBA-15, due to the high solubility of 
cerium precursors (Dai et al., 2007). At high pH (i.e., pH ≥ 6), the high concentration 
OH
-
 leads to a hydrolysis of SBA-15 and cerium would precipitate quickly; therefore, 
the ordered structure of SBA-15 could not be formed and cerium could not be 
incorporated into the framework (Dai et al., 2007). The optimal pH value for CeS 
synthesis is 4. At pH = 4, the major species of Ce incorporated in the SBA-15 
framework is Ce
3+
 whereas at pH > 4, the major species of Ce incorporated in the 
SBA-15 framework is Ce
4+
 and the CeO2 clusters prefers to form on the surface of 
SBA-15. According to the previous chapter, the reduction property of cerium after 
alkali doping (i.e., Ce
3+
 → Ce4+ + e-) could enhance the interaction between catalyst 
components and bulk solid catalyst as well as improve basic strength of the catalyst 
(Truffault et al., 2010 and Yu et al., 2011).  Therefore, Ce
3+
 species incorporated in 
SBA-15 framework is preferable in this study. Based on this result, the suitable pH 
value for synthesizing Ce-incorporated SBA-15 is 4. These results suggest that pH 
value of the synthesis solution is very important to synthesize high quality Ce-
incorporated SBA-15 materials. In the following sections, the pH for preparation of 
Ce-incorporated SBA-15 was fixed at 4. 
 
7.2.3 Effect of Si/Ce molar ratio 
To study the effect of Si/Ce molar ratios on the incorporation of Ce species in 
the framework of SBA-15, the Si/Ce molar ratio was varied from 20 to 2. The 
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synthesis solution pH was controlled at ca. 4. The synthesized CeS sample is 
designated as CeS-x where x is the loading Si/Ce molar ratios. 
 
Figure 7.6 DRUV spectra of CeS-x sample prepared at different Si/Ce molar ratios: a) 
Si/Ce = ∞, b) Si/Ce = 20, c) Si/Ce = 10, d) Si/Ce = 5 and e) Si/Ce = 2. 
 
Figure 7.6 shows the DRUV spectra of CeS-x catalysts. Without Ce loading 
(i.e., Si/Ce = ∞), no peak displayed in the range of 220 to 550 nm for the spectrum of 
CeS-∞. The absorbance band appeared and gradually increased in intensity with the 
increase of Ce-loading content, suggesting the increase of Ce content in the CeS 
sample. The CeS-20 and CeS-10 samples displayed the spectra with a relatively sharp 
band at ca. 265 nm toward to ca. 300 nm whereas the spectra of CeS-5 and CeS-2 
showed a very board band covering 265, 300 nm and beyond 350 nm. The absorption 







 → Ce4+, respectively (Bensalem et al., 1992, Pesquera et al., 2004 and 
Dai et al., 2007). The CeS-20 and CeS-10 showed only the absorption band of cerium 
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bands of CeS-5 and CeS-2 samples were very board beyond 350 nm wavelength and 
covered 400 nm and 500 nm for CeS-5 and CeS-2, respectively. It was reported that 
the region beyond ca. 360 nm was due to the presence of cerium nanocrystallites 





 incorporated in the samples and the fine CeO2 crystallites 
formed on the CeS-5 and CeS-2 samples. 
 
Figure 7.7 XRD patterns of CeS-x sample prepared at different Si/Ce molar ratios at 
low angle. 
 
 Figure 7.7 shows the XRD diffraction patterns of CeS-x catalysts at low angle. 
CeS-20, CeS-10 and CeS-5 samples showed the characteristic peak of ordered 
mesoporous structure of SBA-15 material (Zhao et al., 1998). The characteristic 
pattern of SBA-15 could not be observed for the CeS-2 sample. This result suggests 
that the well-ordered structure of SBA-15 could be retained at the amount of cerium 
loading up to Si/Ce = 5; however, the ordered structure could not be maintained when 
the cerium content was further increased to Si/Ce = 2. In addition, the shift of the 
characteristic peak to lower angle was gradually observed when the Ce content was 
increased from Ca-CeS-20 to Ca-CeS-10, indicating that cerium cations has 
Si/Ce = ∞ 
Si/Ce = 20 
Si/Ce = 10 
Si/Ce = 5 
Si/Ce = 2 
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incorporated the framework of SBA-15 instead of Si cations (Dai et al., 2007). The 
shift of the peak to the lower angle is due to the size of cerium cation which was larger 
than that of Si
4+
. After incorporation of Ce cations into the framework of ordered 
mesoporous materials, its unit cell parameters would increase. Further increase of Ce 
loading to Si/Ce of 5 did not show shifting of the peaks to lower angle. The position of 
the peak of CeS-5 was relative to the peak position of CeS-10 sample, suggesting that 
the excess cerium did not incorporate in the framework of SBA-15, but deposited on 
the surface of SBA-15. However, the intensity of the peak of CeS-5 decreased 
significantly due to a gradual loss of long-range order which was due to increasing 
number of defect sites and bond strain of the SBA-15 molecular sieves (Dai et al., 
2007). These results are in good accordance with the previous works (Laha et al., 2002 
and Dai et al., 2007). 
In addition, at the high angle range (Figure 7.8), the CeS-20 and CeS-10 
samples showed only a broad spectrum of amorphous silica but CeS-5 and CeS-2 
samples showed the diffraction peaks of CeO2 (Strunk et al., 2011). The appearance of 
the CeO2 pattern suggests that at low cerium loading (i.e., CeS-20 and CeS-10 
samples), all cerium were incorporated in the framework of samples but when the 
cerium content was high (i.e., CeS-5 sample), partial cerium molecules were 
aggregated and formed the cluster of CeO2. This result is also in good accordance with 
the DRUV result. 
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Figure 7.9 TEM images of CeS-20, CeS-10, CeS-5 and CeS-2 sample. 
 
Si/Ce = 2 
CeO2 
CeO2 CeO2 CeO2 
Si/Ce = 5 
Si/Ce = 10 
Si/Ce = 20 
Si/Ce = ∞ 
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TEM images of CeS-x samples in Figure 7.9 confirm the well-ordered 
hexagonal structure of SBA-15 of all synthesized CeS-x samples, except for CeS-2 
sample and this result is in good agreement with XRD results. 
 
Figure 7.10 N2 adsorption-desorption isotherms of a) Si/Ce = ∞, b) Si/Ce = 20, c) 
Si/Ce = 10, d) Si/Ce = 5 and e) Si/Ce = 2. 
 
Table 7.2 Textural properties of CeS-x and SBA-15 catalyst prepared at pH = 4 and 
SBA-15 prepared at pH = 0.7 catalyst 
Sample 











SBA-15 (pH = 0.7) - - 800 0.78 7.2 
SBA-15 (pH = 4) - - 750 0.95 7.6 
CeS-20 (pH = 4) 20 50.8 780 0.91 8.1 
CeS-10 (pH = 4) 10 26.4 750 0.88 7.9 
CeS-5 (pH = 4) 5 12.8 570 0.81 7.3 
CeS-2 (pH = 4) 2 7.4 260 0.48 4.2 
* Calculated by BET method 
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 The N2 adsorption/desorption isotherms and textural properties of CeS-x 
samples are presented in Figure 7.10 and Table 7.2, respectively. All the CeS-x 
samples, except for CeS-2 sample, showed the type-IV isotherms with a H1 hysteresis 
loop, corresponding to the unique characteristics of mesoporous structure (Kresge et 
al., 1992) and it is in good agreement with the XRD and TEM results.  
Table 7.2 shows the overall textural properties of the CeS-x samples. When 
compare with the typical SBA-15, CeS-20 and CeS-10 samples showed the decrease of 
surface area and increase of the pore volume and pore size. However, when the Ce 
loading content was further increased (i.e., CeS-5 sample), the surface area, pore size 
and pore volume slightly decreased. The surface area, pore size and pore volume 
decreased dramatically when the Ce loading content up to Si/Ce = 2 (i.e., CeS-2 
sample). The decrease of the surface area for the CeS-x samples was in the common 
trend due to the destruction of the ordered structure when the cerium loading increased. 
However, the increase of the pore size and pore volume of CeS-20 and CeS-10 




), which have 
the bigger ionic radius (10.2 – 10.6 Å) than Si4+ (0.36 Å). As a result, the unit cells of 
the CeS-20, CeS-10 and CeS-5 samples become bigger, leading to the bigger pore size 
and larger pore volume (Dai et al., 2007 and Timofeeva et al., 2007). The slight 
decrease of pore volume and pore size of CeS-5 sample is due to the partial destruction 
of mesoporous structure and the formation of the CeO2 clusters on the CeS-5 sample. 
The drastic decrease of pore volume and pore size of CeS-2 sample was due to the 
destruction of the mesoporous structure and the filling of the mesopores and 
micropores by the CeO2 which was not incorporated in the framework (Timofeeva et 
al., 2007). This result is in good accordance with the formation of CeO2 cluster 
reported in the literature (Dai et al., 2007, Timofeeva et al., 2007 and Selvaraj et al., 
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2011). The formation of CeO2 clusters influenced all texture of the samples since the 
CeO2 cluster did not only take place on the surface but it was highly possible to occur 
in the matter of SBA-15. As a result, the ordered mesoporous structure could be 
distorted and the pore size as well as pore volume notably changed (Timofeeva et al., 
2007). 
 
7.2.4 Characterization of CeS-x samples after Ca doping 
To evaluate the physical and textural properties of the CeS-x samples, which x 
is Si/Ce molar ratio, after Ca doping, the amount of Ca loading was fixed at 30 wt %. 
The catalyst is designated as 30Ca/CeS-x.  
Figure 7.11a shows the XRD diffraction pattern of 30Ca/CeS-x catalysts. It is 
clear that the distinctive XRD pattern of ordered mesoporous SBA-15 still retained for 
the low angle XRD spectra of all 30Ca/CeS-x catalysts after Ca doping presented, 
except for the spectrum of 30Ca/CeS-2. In addition, the peak intensity of all catalysts 
decreased with the amount of Ce content due to the fact that the ordered structure of 
the catalyst was gradually demolished by the increase of Ce content incorporated in the 
ordered mesoporous framework. TEM images of 30Ca/CeS-x catalysts in Figure 7.12, 
with the exclusion of 30Ca/CeS-2 catalyst, strengthen the XRD results as the 
additional evidence of the ordered hexagonal SBA-15 structure of the 30Ca/CeS-x 
catalysts.  
 





Figure 7.11 XRD patterns of 30Ca/CeS-x catalysts prepared at different Si/Ce molar 























Figure 7.12 TEM images of a) 30Ca/CeS-20, b) 30Ca/CeS-10, c) 30Ca/CeS-5 and d) 
30Ca/CeS-2 samples 
 
Figure 7.11b showed the XRD diffraction patterns of 30Ca/CeS-x catalysts at 
high angle. Noteworthily, 30Ca/CeS-20 and 30Ca/CeS-10 catalysts showed broad 
peaks of CaO and Ca(OH)2 (with the phases designated in Figure 7.11b) whereas the 
broad peaks of  CeO2, CaO and Ca(OH)2 displayed in the diffraction patterns of 
30Ca/CeS-5 and 30Ca/CeS-2 catalysts (Morey et al., 2000). This result suggests that 
the Ce species of 30Ca/CeS-2 and 30 Ca/CeS-5 catalysts are different from the Ce 
a) b) 
c) d) 
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species of 30Ca/CeS-10 and 30Ca/CeS-20 catalysts. The Ce atoms were incorporated 
in the SBA-15 framework of 30Ca/CeS-10 and 30Ca/CeS-20 catalysts; therefore, no 
peak of segregated phase of Ce compounds was observed. Meanwhile, there are some 
extra framework Ce species on the 30Ca/CeS-5 and 30Ce/CeS-2 catalysts; therefore, 
the segregated CeO2 compound was noticeably observed on these catalysts.  
 

















SBA-15 - - - 800 0.78 7.2 
30Ca/SBA-15 - - 28.5 750 0.74 7.0 
30Ca/CeS-20 20 50.8 28.3 700 0.85 7.8 
30Ca/CeS-10 10 26.4 28.9 640 0.80 7.3 
30Ca/CeS-5 5 12.8 28.7 590 0.75 7.0 
30Ca/CeS-2 2 7.4 29.1 175 0.35 4.1 
CaO-CeO2 - - - 48 0.06 3.7 
* 
Calculated by BET method 
**
 Calculated by BJH method 
 
The compositions and textural properties of 30Ca/CeS-x catalysts are presented 
in Table 1. As compared to pure SBA-15, surface area of 30Ca/CeS-x catalysts 
decreased because the ordered structure of SBA-15 was dilapidated due to the 
incorporation of hetero species and Ca impregnation (Timofeeva et al., 2007). The 
pore volume and pore size increased and then decreased with the content of Ce loading. 
Due to the Ca contents on the 30Ca/CeS-x catalysts were comparable, the increase of 
the pore size and pore volume of 30Ca/CeS-20 and 30Ca/CeS-10 is possibly due to the 




), which have the bigger ionic 
radius (1.02 Å for Ce
3+




 (0.41 Å), leading to the bigger 
Chapter 7.  Ca-doped Ce-incorporated SBA-15 catalyst for transesterification of oil 
 131 
unit cells of the 30Ca/CeS-20 and 30Ca/CeS-10, and hence the pore size and pore 
volume became larger (Wang et al, 2005 and Han et al., 2006). It is worth noting that 
the pore sizes and pore volumes of 30Ca/CeS-10 and 30Ca/CeS-20 were slightly larger 
than those of 30Ca/CeS-5 sample due to the deterioration of mesoporous structure and 
the formation of the CeO2 clusters on the 30Ca/CeS-5 sample (Han et al., 2006). 
However, the pore volume and pore size of 30Ca/CeS-2 dramatically decreased 
because of the destruction of the mesoporous structure and the filling of the mesopores 
and micropores by the CeO2 which was not incorporated in the framework (Han et al., 
2006). This result was in good accordance with the formation of CeO2 clusters 
reported in the literature (Wang et al, 2005, Han et al., 2006 and Wu et al., 2006). The 
formation of CeO2 clusters influenced all texture of the samples since the CeO2 cluster 
did not only take place on the surface but it was highly possible to be embeded in the 
matrix of mesoporous SBA-15. As a result, the ordered structure of SBA-15 could be 
disfigured and the pore size as well as pore volume notably changed (Han et al., 2006). 
 
7.2.5 Basicity of CeS-x samples after Ca doping 
 To evaluate the basicity of Ca-doped CeS-x catalyst, the amount of Ca loading 
was fixed at 30 wt %. The catalyst is designated as 30Ca/CeS-x. The basicity of 
catalyst was evaluated by the Hammett indicator method (Gorzawski and Hoelderich, 
1999). 
Table 7.4 shows that pure SBA-15 did not show any basicity in any range of 
base strength, suggesting that the surface of SBA-15 lacks for active basic sites. 
Without Ca doping, the CeS-x samples showed negligible basicity (Appendix H), 
suggesting that there is no base property on the surface of samples without Ca loading. 
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Table 7.4 Basicity of CeS-x catalyst before and after doped with 30 wt % Ca-loading 
Sample  
Basicity (mmol/g)  Total 
Basicity 
(mmol/g) 
   4.2 < H_ < 6.8 6.8 < H_ < 7.2 7.2 < H_ < 9.8 9.8 < H_ < 18  
SBA-15  - - - -  - 
30Ca/SBA-15  0.2 0.4 - -  0.6 
30Ca/CeS-20  0.9 8.4 0.3 -  9.6 
30Ca/CeS-10  1.2 12.3 0.5 -  14.0 
30Ca/CeS-5  2.4 13.2 16.3 1.5  33.4 
30Ca/CeS-2  1.9 8.7 9.4 0.9  22.9 
CaO-CeO2  0.5 2.3 8.3 2.5  13.6 
 
After Ca loading, the total basicity and base strength of all catalysts obviously 
increased, suggesting that Ca doping is important to improve base properties of the 
catalysts. Total basicities of Ca-loading pure SBA-15 (designated as 30Ca/SBA-15) 
and 30Ca/CeS-x catalysts were remarkably increased. Interestingly, the total basicity 
of 30Ca/SBA-15 was significantly higher than that of 30Ca/CeS-x catalysts although 
the amount of Ca loading on the catalysts was relatively equivalent. It is due to the fact 
that the Ce incorporation in the SBA-15 assists dispersion of Ca compounds on the 
catalyst surface. This assumption was clearly evidenced by the XRD diffraction pattern 
of 30Ca/SBA-15 and 30Ca/CeS-x catalysts in Figure 7.11b. The CaO and Ca(OH)2 
diffraction peaks of 30Ca/SBA-15 were sharp and narrow whereas these peaks of 
30Ca/CeS-x were relatively board. The sharp peak of Ca-compounds on the 
30Ca/SBA-15 is possible due to the aggregation to form the uniformed clusters on the 
SBA-15 surface. On the other hand, the board peak of Ca compounds on 30Ca/CeS-x 
catalysts is possibly due to the fact that the Ca compound on 30Ca/CeS-x catalysts 
dispersed well on the 30Ca/CeS-x surface. The dispersion of the Ca compounds on the 
30Ca/CeS-x surface leads to the increased number of base sites on the catalyst surface. 
As a result, the total basicity of 30Ca/CeS-x catalyst is significantly higher than that of 
30Ca/SBA-15 catalyst.  
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It is worth nothing that the total basicity of 30Ca/CeS-x catalysts increased with 
the Ce-loading content, except for 30Ca/CeS-2. Namely, the total basicity if 
30Ca/CeS-x catalysts increased from Si/Ce = 20 (i.e., 30Ca/CeS-20) to Si/Ce = 5 (i.e., 
30Ca/CeS-5) and decreased for the Si/Ce = 2 (i.e., 30Ca/CeS-2). Considering the 
textural properties of 30Ca/CeS-x catalysts in Table 7.2, the low total basicity of 
30Ca/CeS-2 is possibly due to loss of textural properties, especially surface area. This 
result suggests that not only the Ce content, the textural properties of catalysts are also 
important to improve their total basicity. However, the overall textural properties of 
30Ca/CeS-20, 30Ca/CeS-10 and 30Ca/CeS-5 were comparable. This result suggests 
that amount of Ce loading and the textural properties are important to improve the total 
basicity of catalysts. 
The base strength of all catalysts also increased after Ca loading. The highest 
base strength of 30Ca/SBA-15 was observed in the range of 5.8 < H_ < 7.2 whereas no 
base property was observed on the sample before Ca loading. Similar to 30Ca/SBA-15, 
the highest base strength of 30Ce/CeS-x increased after Ca loading. The highest base 
strength of 30Ca/CeS-10 and 30Ca/CeS-20 catalysts was in the range of 7.2 < H_ < 9.8 
and the highest base strength of 30Ca/CeS-5 and 30Ca/CeS-2 catalysts was in the 
range of 9.8 < H_ < 18. 
Base strength and basicity of solid base catalysts correlate to surface oxygen 
species of the catalysts, which were reported to be active centers of transesterification 
reaction (Yan et al., 2009, Gerpen 2005, and Hoydonckx et al., 2004); and hence, it is 
worth to correlate the surface oxygen species and the basicity of the catalyst in order to 
understand their base properties and catalytic behaviours. Figure 7.13 shows the O 1s 
XPS spectra of 30Ca/CeS-x and 30Ca/SBA-15 catalysts. The 30Ca/SBA-15 shows a 
peak of BE O 1s at ca. 531 eV. Meanwhile, the BE O 1s of 30Ca/CeS-x catalysts was 
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lower than that of 30Ca/SBA-15; namely, the BE O 1s of 30Ca/CeS-20 and 30Ca/CeS-
10 catalysts was shifted to ca. 530 eV and the BE O 1s of 30Ca/CeS-5 and 30Ca/CeS-2 
catalysts was shifted further to ca. 529 eV. 
 
 
Figure 7.13 XPS spectra of O 1s: a) 30Ca/SBA-15, b) 30Ca/CeS-20, c) 30Ca/CeS-10, 
d) 30Ca/CeS-5 and e) 30Ca/CeS-2. 
 
The BE O 1s of 30Ca/CeS-x catalysts shifted to lower value, suggesting that 
there were electrons transferred to the oxygen species. Table 7.5 shows the surface 









 ratio of 30Ca/CeS-x catalysts was lower than that of CeS-x samples. This 
observation suggests that the amount of Ce
3+
 species decreased and concurrently the 
amount of Ce
4+





 ratios suggest that the electron transfer has occurred from the 
electron-donating Ce species to O species. This result is in good agreement with the 
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previous work reporting the reduction properties of cerium-doped with alkali (Berger 
et al., 2007, Wen et al., 2010 and Yu et al., 2011).  
 




 before and after Ca loading 
Sample  






30Ca/CeS-20  1.26 0.23 
30Ca/CeS-10  1.12 0.24 
30Ca/CeS-5  0.95 0.13 
30Ca/CeS-2  0.78 0.15 
 
The shifting of BE O 1s has correlation with the base strength of the catalysts. 
Explicitly, the electron-transferring to oxygen species of the catalysts leads to the 
electron-rich property of the surface oxygen species, resulting in the increase of base 
strength of the active sites (Hattori 1995 and Yu et al., 2011). Based on the conclusion 
in the literature (Hattori 1995 and Yu et al., 2011), it can be deduced that the BE O 1s 
of 30Ca/CeS-x catalysts shifted to lower position than that of 30Ca/SBA-15, 
suggesting that the base strengths of 30Ca/CeS-x catalysts were higher than that of 
30Ca/SBA-15. Moreover, the BE O 1s of 30Ca/CeS-5 and 30Ca/CeS-2 catalysts 
shifted to lower position than that of 30Ca/CeS-10 and 30Ca/CeS-20 catalysts, 
suggesting that the base strength of 30Ca/CeS-5 and 30Ca/CeS-2 catalysts was higher 
than that of 30Ca/CeS-10 and 30Ca/CeS-20 catalysts. This result is also in good 
accordance with the basicity measurement using the Hammett indicator. 
 
7.2.6 Effect of catalyst preparation methods  
To study the effects of catalyst preparation methods on the textures and 
properties of the catalysts, the Ca-doped Ce-incorporated SBA-15 catalyst was 
prepared using two different methods: 1) direct synthesis of Ce-incorporated SBA-15 
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followed by Ca impregnation (30Ca/CeS-5) and 2) impregnation of CaO and CeO2 on 
SBA-15 (CaO-CeO2/SBA-15). The Si/Ce molar ratio was fixed at 5 and the amount of 




Figure 7.14 XRD patterns at a) low and b) high angle of SBA-15, CaO-CeO2/SBA-15 
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Figure 7.14a shows the XRD diffraction pattern of pure SBA-15, CaO-
CeO2/SBA-15 and 30Ca/CeS-5 catalyst. The XRD spectra of CaO-CeO2/SBA-15 and 
30Ca/CeS-5 catalysts clearly displayed the diffraction pattern of ordered mesoporous 
SBA-15 (Zhao et al., 1998). As compared to the XRD pattern of pure SBA-15, no peak 
shifting was observed on the spectra of CaO-CeO2/SBA-15 catalyst, suggesting that 
CaO and/or CeO2 only deposited on the surface of SBA-15 support. On the other hand, 
the diffraction peak of 30Ca/CeS-5 catalyst shifted to the lower angle, suggesting that 
the unit-cell parameters increased due to the presence of hetero species in the SBA-15 
framework (Selvaraj et al., 2005 and Dai et al., 2007). The peak intensity of both CaO-
CeO2/SBA-15 and 30Ca/CeS-5 catalysts decreased as compared to the peak intensity 
of SBA-15, suggesting that the hexagonal ordered structure of the catalyst could not be 
perfectly formed during synthesis processes and the ordered mesoporous structure was 
partially toppled (Dai et al., 2007). TEM micro-images of SBA-15, CaO-CeO2/SBA-
15 and 30Ca/CeS-5 catalysts in Figure 7.15 clearly displayed the hexagonal ordered 
structure, confirming the XRD result that CaO-CeO2/SBA-15 and 30Ca/CeS-5 
catalysts have the physical ordered structure of SBA-15. Figure 7.14b shows the XRD 
diffraction patterns at high angle of pure SBA-15, CaO-CeO2/SBA-15 and 30Ca/CeS-5 
catalyst. Pure SBA-15 showed a broad spectrum of amorphous silica whereas the CaO-
CeO2/SBA-15 and 30Ca/CeS-5 catalysts showed the diffraction peaks of CeO2, CaO 
and Ca(OH)2 (He et al., 1998, and Albuquerque et al., 2008). It is worth to note that the 
CeO2, CaO and Ca(OH)2 peaks of CaO-CeO2/SBA-15 were sharp and high in intensity 
while these peaks of 30Ca/CeS-5 catalyst was broad and low in intensity. This result 
suggests that the CeO2, CaO and Ca(OH)2 mostly agglomerated and formed the 
uniformed clusters on the surface of CaO-CeO2/SBA-15 support whereas the non-
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Table 7.6 Composition and textural properties of CaO-CeO2, CaO-CeO2/SBA-15 and 
Ca/CeS catalyst 
Sample 














CaO-CeO2 - - - 48 0.06 3.7 
CaO-CeO2/SBA-15 5 12.5 28.5 730 0.70 6.1 
30Ca/CeS-5 5 12.8 28.7 590 0.75 7.0 
SBA-15 - - - 800 0.78 7.2 
* Measured by ICP-OES 
* * Calculated by BET method 
* * * Calculated by BJH method 
 
The catalyst compositions and textural properties of the SBA-15, CaO-
CeO2/SBA-15 and 30Ca/CeS-5 catalyst are presented in Table 7.6. The CaO-
CeO2/SBA-15 and 30Ca/CeS-5 catalysts showed the decrease of surface area, pore 
volume and pore size when compared with pure SBA-15. The decrease of the surface 
area for the catalysts is in the common trend due to dilapidation of the ordered 
mesoporous structure during the synthesis and modification processes. The decrease of 
pore volume and pore size of CaO-CeO2/SBA-15 and 30Ca/CeS-5 catalysts were due 
to the destruction of the mesoporous structure and the filling of the mesopores and 
micropores by the Ca compounds and/or CeO2, which are not incorporated in the 
framework (Timofeeva et al., 2007). 
Figure 7.16 shows the FT-IR absorption spectra of pure silica SBA-15, CaO-
CeO2/SBA-15 and 30Ca/CeS-5 catalyst. All samples show a characteristic absorption 
band at ~3430 cm
-1
, which is assigned to the vibration absorption of silanol groups (Si-
O-H) (Morey et al., 2000, Dai et al., 2007, and Timofeeva et al., 2007).  
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Figure 7.16 FTIR spectra of SBA-15, 30Ca/CeS-5 and CaO-CeO2/SBA-15 catalyst. 
 
In the range of 800–1600 cm-1, the peaks at ~1090 cm-1 is corresponding to the 
asymmetric stretching vibration of silicon-oxygen tetrahedral in SBA-15 (Morey et al., 
2000, Dai et al., 2007). The absorption band at ~1090 cm
-1
 gradually shifted to 1072 
cm
-1
 for the spectra of 30Ca/CeS-5 catalyst whereas no shifting was observed for the 
spectra of CaO-CeO2/SBA-15 catalyst. In general, this shift of the absorption peak 
toward the lower wavenumber is considered an indication of hetero species 
incorporating into the framework of silica tetrahedral (Laha et al., 2002, Kadgaonkar et 
al., 2004 and Dai et al., 2007). In addition, the absorbance intensity of peak at 960 cm
-1
 
of 30Ca/CeS-5 catalyst obviously decreased whereas the intensity of this peak of CaO-
CeO2/SBA-15 spectrum showed no significant change when compared with the pure 
SBA-15. This absorbance peak is assigned to the stretching vibrations of Si-O-Si or Si-
O-H presenting in the framework of SBA-15 (Morey et al., 2000, Dai et al., 2007). The 
decrease of the peak intensity of 30Ca/CeS-5 catalyst suggests that Si–O–Si or Si–O-H 
was changed or consumed and transformed to the Si–O–X bonds, where X is possible 
to be either Ca or Ce species. This result is in good agreement with the literature (Laha 
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et al., 2002, Kadgaonkar et al., 2004, Jang et al., 2004, Wu et al., 2004 and Dai et al., 
2007), suggesting that the catalyst components of 30Ca/CeS-5 were incorporated in the 
SBA-15 framework whereas the CaO-CeO2 catalyst was only deposited on the surface 
of SBA-15 support for CaO-CeO2/SBA-15. 
 





 of SBA-15, 30Ca/CeS-5 and CaO-CeO2/SBA-15 catalysts 
Samples 
 Binding Energy (eV) 
 















Si 2p  before after 
SBA-15  - 530.90 - - 101.95  - - 
30Ca/CeS-5  345.30 529.50 885.90 889.35 101.50  0.95 0.13 
CaO-CeO2/SBA-15  347.65 530.50 885.30 888.75 101.90  0.36 0.15 
 
The XPS surface analysis of the catalysts is displayed in Table 7.7. The BE O 
1s and BE Si 2p of SBA-15 presented at ca. 531 and 102 eV, respectively, suggesting 
the typical siliceous materials (Albuquerque et al., 2008). For CaO-CeO2/SBA-15 and 
30Ca/CeS-5 catalysts, the binding energy ca. 889, 885, 347, 530 and 102 were 
assigned to Ce 3d in the cerium (IV) oxidation state (Ce
4+





2p, O 1s, and Si 2p, respectively (Morey et al., 2000, 
Timofeeva et al., 2007, Albuquerque et al., 2008, and Yu et al., 2011).  
The BE Si 2p of CaO-CeO2/SBA-15 catalyst was relatively similar to the BE Si 
2p of pure SBA-15, suggesting that there was no significant interaction between 
catalyst species and SBA-15 support. On the other hand, the BE Si 2p of 30Ca/CeS-5 
slightly shifted to lower value as compared to the BE Si 2p of pure SBA-15, 
suggesting that the catalyst species had some interaction with the SBA-15 support. 
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Since the catalyst species of CaO-CeO2/SBA-15 had no interaction with the 
support, its BE Ca 2p could be considered as the BE Ca 2p of the Ca compound on the 
SBA-15 support with CeO2. Interestingly, The BE Ca 2p of 30Ca/CeS-5 catalyst was 
lower than that of CaO-CeO2/SBA-15 catalyst, suggesting that the Ca compound on 
30Ca/CeS-5 catalyst has some interaction with the bulk solid catalyst (Jing et al., 2004 
and Yan et al., 2009). 
The BE O 1s of 30Ca/CeS-5 and CaO-CeO2/SBA-15 catalysts was shifted to 
lower value as compared to the BE O 1s of pure SBA-15, indicating an electron-rich 
property of oxygen species on the surface of these two catalysts (Hattori 1995 and Yu 




 surface atomic ratio after Ca loading indicates 
that that the electron transfer has occurred from the electron-donating Ce species to 
electron-accepting O species (Table 7.6) (Jang et al., 2004 and Yu et al., 2011). This 
result is in good agreement with the previous work reporting the reduction properties 
of cerium-doped with alkali (Berger et al., 2007, Wen et al., 2010, and Yu et al., 2011). 
The catalyst basicity was evaluated by the Hammett indicator method 
(Gorzawski and Hoelderich, 1999, and Yan et al., 2009). Table 7.8 shows that pure 
SBA-15 did not show any basicity in any base strength range due to the lack of the 
basic site on its surface. However, CaO-CeO2/SBA-15 and 30Ca/CeS-5 catalysts 
showed a base property with the highest base strength in the range of 9.8 < H_ < 18. It 
is worth noting that 30Ca/CeS-5 catalyst had ca. 2 times higher total basicity than 
CaO-CeO2/SBA-15 although the amount of catalyst components of these two catalysts 
was relatively equivalent. This result implies that the dispersion of active sites on 
30Ca/CeS-5 catalyst was better than that on CaO-CeO2/SBA-15 catalyst. 
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Table 7.8 Basicity of CaO-CeO2, CaO-CeO2/SBA-15 and 30Ca/CeS-5 catalyst 
Sample  
Basicity (mmol/g)  Total 
Basicity 
(mmol/g) 
   4.2 < H_ < 6.8 6.8 < H_ < 7.2 7.2 < H_ < 9.8 9.8 < H_ < 18  
CaO-CeO2  0.5 2.3 8.3 2.5  13.6 
CaO-CeO2/SBA-15  0.6 6.6 8.2 0.8  15.2 
30Ca/CeS-5  2.4 13.2 16.3 1.5  33.4 
30Ca/CeS-5 + Water  3.5 15.2 10.2 0.5  29.4 
30Ca/CeS-5 + FFA  0.3 0.1 - -  0.4 
* 1Ca1Ce catalyst was immerged into water or FFA for 15 min, separated from the mixture and then 
measured base strength using Hammett indicator method and the basicity using Hammett indicator-benzene 
carboxylic acid titration. 
 
Part 3: Activity study and effects of reaction parameters 
 
7.2.7 Catalytic activity study 
 
7.2.7.1. Effect of Ce loading 
 The effect of Ce loading on the catalytic performance of Ca-doped CeS-x 
catalyst was evaluated by varying the Ce amount on the catalyst and the content of Ca 
loading was fixed at 30 wt %. The catalyst was designated as 30Ca/CeS-x, where x is 
the Si/Ce molar ratio. The transesterification reaction was carried out under palm oil-
to-methanol molar ratio (PO:ME) of 1:20 with 5 wt % catalyst (with respect to the 
weight of oil) at 85 ºC. 
Figure 7.17 shows the evolution of the FAME yield over 30Ca/SBA-15 and 
30Ca/CeS-x catalysts. Pure SBA-15 produced negligible FAME yield when compared 
with the other catalysts due to the lack of active sites for transesterification (Hu et al., 
2006). After Ca impregnation, the performance of all catalysts improved obviously due 
to the active sites created by Ca doping (Albuquerque et al., 2008). The FAME yield of 
all catalysts increased after Ca loading, suggesting that Ca loading is important to 
create the active sites for the transesterification. Interestingly, the FAME yield of 
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30Ca/CeS-x catalysts was higher than that of 30Ca/SBA-15 catalyst, although the 
amount of Ca loading was almost the same. It is due to the higher base strength and 
total basicity of the 30Ca/CeS-x catalyst. This result suggests that the performance of 
the catalyst can be improved by incorporating Ce in the catalyst. 
 
 
Figure 7.17 Catalytic performance of SBA-15, 30Ca/CeS-x and CaO-CeO2 catalyst. 
 
Interestingly, the FAME yield gradually increased with the increase of Ce 
loading content. Among a series of 30Ca/CeS-x catalysts, the 30Ca/CeS-2 catalyst 
showed the best catalytic performance with the FAME yield more than 90 % after 4 h. 
It is worth noting that the catalytic performance of 30Ca/CeS-2 was almost the same as 
the unsupported CaO-CeO2 mixed oxides even though the amounts of Ca and Ce on 
30Ca/CeS-2 were much less. The better catalytic performance of 30Ca/CeS-2 over the 
unsupported CaO-CeO2 catalyst is due to the noticeably higher total basicity of 
30Ca/CeS-2 as compared to the unsupported catalyst, as shown in Table 7.8. This 
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result deduces that the active base sites on the surface of 30Ca/CeS-2 catalyst were 
dispersed better than that on the unsupported CaO-CeO2 catalyst, leading to the 
improvement of catalytic performance. 
 
Table 7.9 Percentage of FAME yield and catalytic activity in transesterification of 
palm oil with methanol over the CeS-x catalyst after doped with 30 wt % Ca 
 
* Reaction conditions: 5 wt % of catalyst; PO:ME = 1:20, 85 ºC, 6 h 
** g of FAME per mole of Ce in the catalyst per min 
 
 However, Table 7.9 shows that the catalytic activity of 30Ca/CeS-5 catalyst 
was higher than that of 30Ca/CeS-2. In addition, the catalytic activity of 30Ca/CeS-5 
catalyst was almost 5 times higher than that of unsupported catalyst. Table 7.8 shows 
that the total basicity of 30Ca/CeS-5 was higher than that of 30Ca/CeS-2 due to the 
more favorable catalyst texture of 30Ca/CeS-5 catalyst (i.e., high surface area) (Yu et 
al., 2011). This result suggests that the 30Ca/CeS-5 catalyst has the highest dispersion 
of the active sites on the catalyst surface. In addition, it was reported that the large 
ordered-pore of the catalyst benefited for diffusion of the bulky reactants and products 
(Xia et al., 2002, Han et al., 2006, Timofeeva et al., 2007 and Yan et al., 2009). This 
observation suggests that the best catalytic activity of 30Ca/CeS-5 catalyst is due to 1) 
the highest dispersion of active sites on the catalyst surface, leading to the highest total 
Catalyst 









(g FAME/mol Ce/min) 
added measured added measured 
30Ca/SBA ∞ ∞ 30 28.7 22.4 - 
30Ca/CeS-20 20 50.8 30 29.0 17.4 5.48 
30Ca/CeS-10 10 26.4 30 28.5 38.4 6.05 
30Ca/CeS-5 5 12.8 30 28.9 87.1 6.89 
30Ca/CeS-2 2 7.4 30 29.1 96.4 4.23 
CaO-CeO2 - - - - 97.6 1.23 
SBA-15 - - - - 5.2 - 
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basicity, and 2) the favorable catalyst texture for the reaction of bulky molecules. 
Based on this result, the optimum Si/Ce molar ratio of 5 is the optimum ratio in this 
study. 
 
7.2.7.2. Effect of Ca loading 
The effect of Ca-loading on the catalytic performance of Ca/CeS catalysts was 
carried out under PO:ME molar ratio of 1:20 with 5 wt % catalyst at 85 ºC. Based on 
the optimum Si/Ce molar ratio studied in the previous section, the Si/Ce molar ratio of 
the catalyst was fixed 5 and the amount of Ca loading was varied from 0 to 40 wt %. 
The catalyst was designated as yCa/CeS-5, where y is amount of Ca loading (wt %). 
 
 
Figure 7.18 FAME yield of Ca/CeS-5 catalyst with different amount of Ca doping at 6 
h (PO:ME = 1:20, 5 wt % catalyst, 85 °C). 
 
Figure 7.18 shows the final FAME yield over yCa/CeS-5 catalysts at the 
reaction time of 6 h. The FAME yield increased with the increase of Ca loading 
content as the total basicity of the catalyst increased with Ca loading content as shown 
in Table 7.10. The FAME yield reached the maximum yield at 30 wt % of Ca loading 
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and then slightly decreased when the amount of Ca loading increased further to 40 
wt %. It is not surprising that the increase of FAME yield increased with the increase 
the amount of Ca loading as the increase of Ca loading leads to the increase of base 
active sites via Ca doping (Timofeeva et al., 2007). However, the FAME yield 
decreased when the amount of Ca loading increased up to 40 wt % due to the loss of 
total basicity as shown in Table 7.10. The total basicity of 40Ca/CeS-5 catalyst 
decreased due to the decrease of surface area of 40Ca/CeS-5 catalyst which possibly 
caused by the destruction of ordered mesoporous structure via loading of high Ca 
amount (Appendix I). Therefore, the optimum amount of Ca loading in this work is 30 
wt %. 
 






Basicity (mmol/g)  Total 
Basicity 
(mmol/g) 
   4.2 < H_ < 6.8 6.8 < H_ < 7.2 7.2 < H_ < 9.8 9.8 < H_ < 18  
0Ca/CeS-5  700  0.1 - - -  0.1 
10Ca/CeS-5  660  0.8 9.8 3.5 -  14.1 
20Ca/CeS-5  600  1.0 7.3 9.8 0.8  18.9 
30Ca/CeS-5  550  2.4 13.2 16.3 1.5  33.4 
40Ca/CaS-5  300  1.2 6.5 10.2 1.2  19.1 
 
 
7.2.7.3 Effect of preparation methods 
Catalytic activity of 30Ca/CeS-5 catalyst was studied and compared with CaO-
CeO2 and CaO-CeO2 impregnated on SBA-15 (CaO-CeO2/SBA-15) catalyst. The 
transesterification of palm oil and methanol was carried out under palm oil-to-
methanol molar ratio of 1 to 20 at 85 ºC with 5 wt % catalyst.  
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Figure 7.19 shows the evolution of FAME yield produced over each catalyst. 
The CaO-CeO2 catalyst could produce the high FAME yield in a few hours, suggesting 
the active and good catalytic performance for transesterification reaction. The FAME 
yield produced over CaO-CeO2/SBA-15 catalyst reached high FAME yield; however, 
the reaction took time more than 10 h. Interestingly, the 30Ca/CeS-5 catalyst could 
reach high FAME yield using shorter time than CaO-CeO2/SBA-15 catalyst although 
the catalyst components were equal. 
 
 
Figure 7.19 Catalytic performance of unsupported CaO-CeO2, CaO-CeO2/SBA-15 and 
30Ca/CeS-5 catalyst. 
 
Catalytic activity (g FAME/ mol Ce/ min) of each catalyst at 6 h is presented in 
Table 7.11. The 30Ca/CeS-5 catalyst had the highest catalytic activity, followed by 
CaO-CeO2/SBA-15 catalyst and CaO-CeO2 catalyst, respectively. Although CaO-CeO2 
catalyst showed the best catalytic performance, it had the lowest catalytic activity. The 
low catalytic activity is due to the poor catalyst texture that makes the active sites for 
Chapter 7.  Ca-doped Ce-incorporated SBA-15 catalyst for transesterification of oil 
 149 
the reaction agglomerate and difficult to be accessed by the reactant (i.e., bulky oil) 
(Timofeeva et al., 2007). The CaO-CeO2/SBA-15 catalyst had higher activity than that 
of CaO-CeO2 catalyst as some active sites was dispersed on the large surface of SBA-
15 support. This result suggests that among the catalysts in this study, the active sites 
for the transesterification reaction was the most dispersed on the surface of 30Ca/CeS-
5 catalyst compared to the other catalysts. This result is in good agreement with the 
total basicity of the catalyst in Table 7.10. 
 
Table 7.11 Percentage of FAME yield and catalytic activities in transesterification of 
palm oil with methanol over CaO-CeO2, CaO-CeO2/SBA-15 and 30Ca/CeS-5 catalyst 
* Reaction conditions: 5 wt % of catalyst; PO:ME = 1:20, 85 ºC, 6 h 
** g of FAME per mole of Ce in the catalyst per min 
 
Table 7.10 also shows the amount of Ca, Ce and Si leaching out from the solid 
catalyst into the product phase. CaO-CeO2 and CaO-CeO2/SBA-15 catalysts showed 
some amount of leaching species, suggesting that the catalyst component was not 
stable on the solid catalyst. It is worth noting that the amount of leaching species from 
30Ca/CeS-5 catalyst was lower than these of the CaO-CeO2 and CaO-CeO2/SBA-15 
catalysts, suggesting the good stability of catalyst components on the 30Ca/CeS-5 
catalyst. 
In addition, the effect of active homogeneous species leaching out from the 
solid catalyst, which are known to be involved in the catalysis of the reaction (Yu et al., 









(g FAME/mol Ce/min) 
Leaching components (ppm) 
[Ca] [Ce] [Si] 
30Ca/CeS-5 87.1 6.89 32.4 12.2 0 
CaO-CeO2/SBA-15 71.2 5.63 52.3 22.5 0 
CaO-CeO2 97.6 1.23 102.4 56.5 - 
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1 h to purposely leach out those unstable catalytic species from the solid phase to the 
methanol solution. The solid catalyst was then separated from the methanol solution 
which was subsequently mixed with palm oil to yield PO:ME molar ratio of 1:20 and 
the reaction was started at 85 ºC for 6 h. 
Figure 7.20 shows that the high FAME yield was obtained from the reaction 
catalyzed by the homogeneous active species leaching out from CaO-CeO2 and CaO-
CeO2/SBA-15 catalysts into the methanol solution. The low FAME yield was obtained 
from the reaction catalyzed by the active homogeneous species leaching out from 
30Ca/CeS-5 catalyst into the methanol solution. The FAME yield correlates with the 
amount of homogeneous species leaching out from the solid catalysts. This result 
confirms that the homogeneous species leaching out into the methanol solution is 
actively involved in the reaction. The good catalytic performance of CaO-CeO2 and 
CaO-CeO2/SBA-15 catalysts was partially attributed to homogeneous catalysis. In 
contrast, the catalytic performance of 30Ca/CeS-5 catalyst was mainly related to the 
solid part of the catalyst.  
Among these catalysts, 30Ca/CeS-5 catalyst is found to be the optimum 
catalyst as it had the excellent catalytic activity with very low leaching of 
homogeneous catalytic species into the reaction media. The superior performance of 
30Ca/CeS-5 catalyst with respect to the other catalysts is due to 1) the best catalyst 
texture (i.e. highest surface area, largest pore size and highest pore volume), 2) the 
highest total basicity and 3) the most obvious interaction between catalyst components 
and support. 
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Figure 7.20 Catalytic performance of the homogeneous catalytic species leached out 
from CaO-CeO2, CaO-CeO2/SBA-15 and 30Ca/CeS-5 catalyst at 6 h. 
 
7.2.7.4 Effect of reaction conditions 
 According to the previous sections, the 30Ca/CeS-5 catalyst showed the highest 
catalytic activity with lowest amount of catalyst components leaching out from the 
solid catalyst. Therefore, the 30Ca/CeS-5 catalyst was utilized for investigation of 
reaction conditions. In this part, the effects of catalysts amount, palm oil to methanol 
molar ratios, and reaction temperature are presented (Appendix J). 
To investigate the effect of catalyst dosage, the transesterification was carried 
out at 85 ºC with 1:20 of palm oil-to-methanol molar ratio (PO:ME). The amount of 
30Ca/CeS-5 catalyst at 1 wt % to 10 wt % was studied. Figure 7.21 shows the FAME 
yield over the 30Ca/CeS-5 catalyst. The FAME reached the equilibrium fast when the 
amount of catalyst increases from 1 wt % to 5 wt % due to the increase of the active 
sites for the reactants. However, it is worth to note that the FAME yield decreased 
when the catalyst amount increased beyond 5 wt % to 10 wt %. The decrease of the 
catalyst performance is because the high amount of the catalyst may cause to the 
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viscous mixture (Appendix K), resulting in the resistance of mass transfer in liquid-
liquid-solid interfacial system (Kim et al., 2004). Therefore, the optimum catalyst 
amount of this reaction system is 5 wt % catalyst. 
 
 
Figure 7.21 Effect of catalyst dosages on 30Ca/CeS-5 catalyst (85 °C, PO:ME = 1:20). 
  
 
Figure 7.22 Effect of palm oil-to-methanol molar ratios on 30Ca/CeS-5 catalyst 
(85 °C, 5 wt% catalyst). 
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To investigate the effect of palm oil-to-methanol molar ratios (PO:ME), the 
transesterification was carried at 85 ºC with 5 wt % catalyst. The various molar ratios 
were studied (1:6, 1:10, 1:20, 1:30 and 1:40). Figure 7.22 shows the FAME yield over 
the 30Ca/CeS-5 catalyst. The FAME yield increased significantly when methanol 
content increased from 1:6 to 1:20 molar ratio, indicating that the molar ratio of oil to 
methanol had a significant impact on FAME yield for the reaction. Theoretically, 
triglyceride to methanol ratio is 1 to 3; however, the excess methanol is usually 
required to drive the reaction equilibrium to the product side. For instance, in the 
homogeneous catalytic system such as NaOH catalyst, the oil to methanol ration of 1:6 
was traditionally used. In this case, the excess methanol can also enhance the catalytic 
performance of 30Ca/CeS-5 catalyst. The excess methanol also could promote the 
reaction and remove product from the active sites of the catalyst, resulting in renewed 
catalytic active sites (Yan et al., 2008). However, the further increase in molar ratio 
after 1:20 did not have much impact on the FAME yield since the reaction already 
reaches the equilibrium at high FAME yield. Therefore, the optimum PO:ME for this 
reaction system is 1:20. 
Effect of reaction temperature was studies by carrying out the 
transesterifictaion at PO:ME of 1:20, and 5 wt % catalyst with various reaction 
temperatures (60, 85, 110, and 150 ºC). Figure 7.23 shows the effect of the reaction 
temperature on the FAME yield. At the reaction temperature of 60 ºC, the yield of 
FAME reached about 30% after 3 h. However, the FAME yield reached above 70 % 
after 3 h when the reaction temperature rose up to 85 ºC and above. The FAME rapidly 
reached the high % yield when the reaction temperature increased because in this 
heterogeneous catalysis the reaction mixture is a three-phase system (oil-methanol-
catalyst). The reaction could be retarded due to the presence of diffusion resistance 
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between the different phases. Increasing the reaction temperature could increase the 
mobility of the reactants. In adition, the viscosity of the mixture decreased when the 
temperature increased, resulting in enhancing the miscibility of oil and methanol 
(Noureddini and Zhu, 1997). Therefore, high reaction temperatures can accelerate the 
reaction rate, resulting in high FAME yield in short reaction time. Based on this result, 
the optimum reaction temperature of this reaction system is 85 ºC. 
 
 
Figure 7.23 Effect of reaction temperatures on 30Ca/CeS-5 catalyst (5 wt% catalyst, 
PO:ME = 1:20). 
 
7.2.7.5 Effect of water and free fatty acid in feed stock 
Water and free fatty acid (FFA) in feed stocks are the important problems for 
base-catalyzed transesterification (Canakci and Gerpen, 1999, Hideki et al., 2001, 
Demirbas, 2003 and 2007, and Russbueldt and Hoelderich, 2010). In order to study the 
effect of water and FFA in feed stock on the catalytic performance of 30Ca/CeS-5, 
palm oil with 0.5 to 10 wt % water or FFA was used as a feed stock for 
transesterification. The reaction was carried out at the optimum conditions (85 ºC, 5 
wt % catalyst, PO:ME = 1:20) for 6 h. The catalytic performance of 30Ca/CeS-5 was 
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compared with the performance of NaOH catalyst, which is commonly used in 
industry of biodiesel production (Hideki et al., 2001, Demirbas, 2003, Schuchardta et 
al., 1998, Sprules and Price, 1950, and Serio et al., 2008). 
Figure 7.24 shows the effect of water on the FAME yield produced over NaOH 
and 30Ca/CeS-5 catalysts. Obviously, the water in the feed stock strongly affected the 
catalytic performance of NaOH since the water caused the soaps formation which 
consumed the catalyst and reduced the catalyst efficiency. The resulting soaps also 
caused an increase in viscosity, formation of gels and makes separation of glycerol 
difficult (Hideki et al., 2001, and Demirbas, 2003 and 2007). Interestingly, the water in 
the feed stock did not significantly affect the catalytic performance of the 30Ca/CeS-5 
catalyst. The catalytic performance of the catalyst maintained even at the high water 
content in the feed stock (10%). This was possible due to the stability of catalyst 
element on the surface of the catalysts; namely, the surface elements was more stable, 
leading to less leaching of catalyst components which causes by hydrolysis of water 
which was the cause of soap formation (Demirbas, 2007). 
 
Figure 7.24 Effect of water content in feed stock on catalytic performance of NaOH 
and 30Ca/CeS-5 catalyst. 
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The effect of water on the basicity of 30Ca/CeS-5 catalyst is shown in Table 
7.7. The catalyst was stirred in water for 15 min before it was separated from the 
mixture and the basicity of the catalyst was then measured using the Hammett 
indicator-benzene carboxylic acid titration (Yan et al., 2009).
 
The total basicity of 
Ca/CeS catalyst decreased negligibly; this result is consistent with the retaining high 
FAME yield of this catalyst in the presence of high amount of water in the feed stock. 
Figure 7.25 shows the effect of FFA on the FAME yield of NaOH and 
30Ca/CeS-5 catalysts. The FFA in feed stock significantly affected the catalytic 
performance of NaOH since the FFA could react with NaOH to form soap in the 
mixture, resulting in the high viscosity of the system. In addition, this is due to the 
neutralization of the acid reactants and base catalysts (Hideki et al., 2001, Canakci and 
Gerpen, 1999, and Kulkarni and Dalai, 2006). However, the FFA affected the catalytic 
performance of 30Ca/CeS-5 catalyst when the FFA content was high. The decrease of 
FAME yield was clearly observed when the FFA was higher than 7 wt %. This result 
suggests the moderate tolerance to FFA in feed stock of 30Ca/CeS-5 catalyst. 
 
Figure 7.25 Effect of FFA content in feed stock on catalytic performance of NaOH 
and 30Ca/CeS-5 catalyst. 
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To investigate the effect of FFA on the basicity of 30Ca/CeS-5 catalyst, the 
catalyst was stirred in FFA solution for 15 min before it was separated from the 
mixture and its basicity was measured using the Hammett indicator-benzene 
carboxylic acid titration (Yan et al., 2009). Table 7.7 shows the significant decrease of 
the total basicity of CaO-CeO2 catalyst after being stirred in FFA solution due to the 
neutralization of FFA at the active base sites on the catalyst surface (Yan et al., 2009);
 
this result is consistent with the decrease of FAME yield at high FFA content in the 
feed stock. 
 
7.2.7.6 Catalyst reusability and durability 
Catalyst reusability and durability are major problems encountered by 
heterogeneous catalysts for biodiesel production due to the leaching of catalyst 
components from the solid catalyst to the reaction medium. To study the catalyst 
reusability, the reaction was carried out under PO:ME of 1:20 at 85 ºC with 5 wt % 
30Ca/CeS-5 catalyst. Each reaction cycle was carried out for 6 h. After each cycle, the 
catalyst was separated from the product mixture, washed with copious amount of n-
hexane, and dried overnight before reused in the transesterification.  
Figure 7.26 shows the catalytic reusability of 30Ca/CeS-5 catalyst. 30Ca/CeS-5 
catalyst could retain the catalytic performance up to 5 cycles without significant 
decrease of FAME yield. In addition, the mesoporous ordered structure of 30Ca/CeS-5 
could retain after the 5
th
 cycles as shown in Figure 7.27.  
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Figure 7.26 Reusability of 30Ca/CeS-5 catalyst 
 
 
Figure 7.27 TEM microimage of 30Ca/CeS-5 catalyst after the 5
th
 reaction cycle. 
 
Moreover, Figure 7.28 shows that the amount of Ca and the Si/Ce molar ratio 
for the fresh and reused catalyst after 5 cycles of reactions were negligibly different. 
These results suggest the excellent reusability and stability of 30Ca/CeS-5 catalyst in 
transesterification reaction. The good stability and reusability of the catalyst are due to 
the sufficient interaction between the catalyst and the support (Timofeeva et al., 2007), 
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resulting in the stability of the catalyst components on the catalyst. This suggests that 
supporting the catalyst on the SBA-15 support not only improves the catalytic activity, 
but also enhances the catalytic stability. 
 
Figure 7.28 Ca loading and Si/Ce molar ratio for fresh and used 30Ca/CeS-5 catalyst. 
 
To investigate the catalyst durability, the transesterification was carried out 
using 5 wt % 30Ca/CeS-5 catalyst under PO:ME of 1:20 at 85 ºC. For each cycle (10 
h/ cycle), the product was collected and a new batch of reactants was used in the 
reactor containing the used catalyst. The FAME yield of the collected product for each 
cycle was analyzed and the concentration of calcium and cerium leaching into the 
collected product was measured. 
Figure 7.29 shows that the performance of 30Ca/CeS-5 catalyst could be 
maintained even up to 15 reaction cycles (i.e. > 75 %). Figure 7.29 also shows the 
concentration of leached Ca and Ce species in product phase after every reaction cycle. 
High concentration of leached Ca and Ce species was observed in the first cycle of 
reaction. The concentrations of dissolved calcium and cerium were 34 and 14 ppm, 
respectively. No dissolved Si was observed in the product phase. The concentration of 
calcium and cerium decreased significantly with subsequent reaction cycles, dropping 
lower than 1 ppm after the 7
th
 cycle. The decrease of the amount of dissolved species is 
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possibly attributed to the incorporation of catalyst in the SBA-15 framework and 
interaction between catalyst components and the support. With the interaction, the 
leaching of the catalyst components is lessened, leading to the high stability of the 
catalyst in the transesterification system. After the 7
th
 cycle, the FAME yield of > 75% 
was maintained even up to 15 reaction cycles and the mesoporous ordered structure of 
the catalyst still existed (Figure 7.30).  
 
 
Figure 7.29 Durability of 30Ca/CeS-5 catalyst with leaching content. 
 
 
Figure 7.30 TEM microimage of 30Ca/CeS-5 catalyst after the 15
th
 reaction cycle. 
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This result clearly suggests that the 30Ca/CeS-5 catalyst is very stable and 
durable during transesterification reaction and the contamination of the catalyst 




CaO impregnated on three types of silica supports (i.e., SBA-15, MCM-41 and 
amorphous silica) were used to investigate the effect of support on the catalytic 
performance for transesterification of palm oil and methanol. SBA-15 was found to be 
the best support among these three supports; thus, the SBA-15 support was selected to 
further study. After that, Ce-incorporated SBA-15 (CeS) was successfully synthesized 
using direct synthesis method. The optimum pH of the synthesis solution was 4 and the 
maximum Si/Ce molar ratio was 5; namely, at this reaction conditions the structure of 
SBA-15 could retain and the cerium could incorporate in the framework of SBA-15. 
After Ca-doping, the Ca-doped CeS catalyst (Ca/CeS) showed the higher basicity than 
typical CaO-CeO2 metal oxide due to the well dispersion of base active sites on the 
large surface of catalyst. The Ca/CeS catalyst was used as active catalyst for 
transesterification of palm oil and methanol. The 30Ca/CeS-2 catalyst, which had 
Si/Ce molar ratio of 2 and 30 wt % Ca loading, showed the catalytic performance as 
good as the CaO-CeO2 catalyst. However, 30Ca/CeS-5 catalyst, which had Si/Ce 
molar ratio of 5 and 30 wt % Ca loading, had the highest catalytic activity due to the 
highest total basicity of the catalyst causing by the dispersion of active base sites in the 
mesoporous structure of the catalyst. The optimum catalyst for this study was 
30Ca/CeS-5. The optimum reaction was under palm oil-to-methanol of 1:20 with 5 
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wt % catalyst at 85 ºC. The catalyst showed the good catalytic performance (i.e. ca. 
90% after 6 h) with excellently high catalytic activity due to the well dispersion of 
active sites on the catalyst surface. The catalyst also had good tolerance to water and 
FFA in the feed stock. No significant decrease of catalytic performance was observed 
although the water content in the feed stock was up to 10 wt %. The catalytic 
performance decreased obviously when the FFA content above 7 wt %. The catalyst 
could be reused up to 5 reaction cycles without significant decrease of catalytic 
performance. Moreover, the durability of catalyst was excellent; the catalyst can be 
reused up to 15 cycles and the biodiesel product contained very low amount of catalyst 
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Chapter 8. Effect of surface modification of SBA-15 support 




For the last few decades, biocatalysts catalyzed transesterification reaction have 
gained more and more attention due to their ability to transesterify oil at mild reaction 
conditions with low amount of alcohol reactant. Among the biocatalysts, Candida 
antarctica lipase is well-known for biodiesel production because of its ability to work 
in non-aqueous system; however, the lipase enzyme is much more expensive than 
chemical catalysts. Therefore, it is essential to reuse the enzyme after the production 
process (Ma and Hanna, 1999, Hideki et al., 2001 and Demirbas, 2003). 
One of the simple methods to make enzymes easily reusable after reaction is 
immobilization of enzymes on the support (Santaniello et al., 1992). Porous materials 
(such as MCM-41) were widely used due to their outstanding characteristics such as 
high surface area, large pore volume and the ability to vary their pore size. Diaz and 
Bulkus (1996) first studied the adsorption of different types of enzymes (cytochrome c, 
trypsin, papain and peroxidase) onto pure MCM-41. They found that   a large amount 
of enzymes could be immobilized on the support. He et al. (2004) immobilized 
enzymes onto MCM-41 and reported that   the catalytic activity could be improved by 
increasing the capacity of the enzyme on the support. Takahashi et al. (2001) also 
found that immobilizing enzymes onto MCM-41 and FHM-16 supports could improve 
the catalytic activity   as well as the thermal stability of the enzymes.  
 The immobilization of enzymes requires supports which have a suitable 
surface and textural properties such as porosity and hydrophilicity (Santaniello et al., 
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1992).  However, MCM-41 has pores that are not appropriate since the pore size is 
relatively small when compared with the size of enzyme molecule. Mesoporous SBA-
15 is more suitable due to its relative big pore size (Yiu and Wright, 2005). However, 
the interaction between the enzyme molecule and the surface of pure SBA-15 is very 
weak, resulting in the significant leaching of the enzyme from the SBA-15 support 
(Yiu and Wright, 2005). 
To improve the stability and reusability of the lipase immobilized on SBA-15 
support, enzyme encapsulation on mesoporous support has been reported to prevent 
the enzyme leaching (Yiu and Wright, 2005, and He et al., 2006). However, the 
encapsulated enzyme is easily denatured by the reactive species and toxic solvents 
during the encapsulation reaction. In addition, encapsulating polymer could affect the 
ability of bulky reactants (such as oil) to diffuse through the polymer layer to reach the 
enzyme, thus limiting their interactions with the active sites of enzyme (Yiu and 
Wright, 2005, and He et al., 2006). Surface modified or functionalized SBA-15 has 
been applied in lipase immobilization to prevent the leaching of lipase from the 
catalyst support. However, the enzyme immobilization predominantly occurred at the 
external surface of the functionalized SBA-15 due to the blockage of the pore opening 
by the enzyme molecules (Kim et al., 2008). 
It is known that the enzyme inactivation could be prevented by reducing the 
exposure of enzyme to surrounds (such as air-bubbles) (Bolivar et al., 2006 and Mateo 
et al., 2007); therefore, it is our hypothesis that the enzyme could be stably 
immobilized inside the pore of SBA-15. Therefore, it is worth developing new 
techniques or new supports which can enhance enzyme immobilization predominantly 
inside the pores of support. Recently, our research group has successfully developed a 
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passivation method to passivate the external silanol groups of SBA-15 and reduce the 
density of the functional grpups inside the mesopores of SBA-15 (Li and Kawi, 2008). 
Therefore, in this chapter, Candida antarctica lipase was immobilized onto a 
modified SBA-15 via passivation and functionalization. There were three types of 
support studied: pure SBA-15 (SBA-15), functionalized non-passivated-SBA-15 
(FNPS) and functionalized passivated-SBA-15 (FPS). The enzyme loading content 
was investigated to study the effect of surface modification. In addition, the catalytic 
performance (i.e., catalytic activity and stability) will be evaluated for the 
transesterification reaction of palm oil and methanol with THF as a solvent. 
 
8.2 Result and discussion 
 
8.2.1 Catalyst characterization 
Figure 8.1 shows the FTIR spectra of SBA-15, FNPS and FPS supports. The 
absorption frequency present in the SBA-15 pattern around 1600 cm
−1
 is due to water 
adsorbed in the silica support (Fagundes et al., 2006). The spectra of FPS and FNPS 
show a broad peak at 1640 cm
-1
 which is attributed to –NH2 groups (Li and Kawi, 
2008), whereas there is no peak at this wave number for SBA-15. The presence of the 
peak at 1640 cm
-1
 indicates that the amine ligands (-NH2) were successfully grafted 
onto the FNPS and FPS supports. In the FNPS and FPS spectra there were two peaks at 
1450 and 1380 cm
-1
 which correspond to the -CH2- and -CH3 groups of the 
functionalizing agent. Moreover, only FPS has one additional peak at 1490 cm
-1
 which 
is attributed to the phenyl groups of dicholodiphenylsilane (DCPS). This result 
suggests that the passivation and functionalization were successful on the FPS support 
and only functionalization was successful on the FNPS support. 
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Figure 8.1 FTIR spectra of pure SBA-15, FPS and FNPS supports. 
 
Figure 8.2 shows the XRD patterns for the SBA-15, FNPS and FPS supports. 
All the three supports had three distinct peaks at (100), (110) and (200), which 
correspond to the p6mm hexagonal symmetry of SBA-15, implying that all samples 
retained the ordered hexagonal structure (Zhao et al., 1998). However, the peaks of 
FNPS and FPS slightly shifted to lower angles and decreased in intensity, indicating 
that there was a modification on the pores and a decrease in uniformity and orderliness 
of the structure due to the passivation, and functionalization processes (Song et al., 
2005, and Li and Kawi, 2008). Although the ordered structure of the samples was 
destroyed by the surface modification process, the characteristic hexagonal structure of 
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The textural properties of the supports are shown in Table 8.1. Surface area, 
pore volume and pore size of FNPS and FPS supports were lower than those of the 
pure SBA-15 since the ordered mesoporous structure of FNPS and FPS was partially 
destroyed by the passivation and functionalization processes. In addition, the 
functional groups were grafted on FNPS and FPS supports, resulting in the decrease of 
the pore volume and pore size (Song et al., 2005). Interestingly, the decrease of the 
pore volume of the FPS support was more than that of the FNPS support, suggesting 
that the functional groups were mostly grafted inside the pore of the FPS support. This 
result is in good agreement with the work reported in the literature (Shephard et al., 
1998 and Li and Kawi, 2008). 
 


















SBA-15  840 1.62 8.7 
FNPS  570 1.05 8.2 
FPS  450 0.65 8.0 
 
After enzyme immobilization, the immobilized enzyme was filtered and 
washed to remove the non-immobilized enzyme molecule before being used as a 
catalyst in the transesterification. The ordered mesoporous structure of immobilized 
lipase catalyst maintained after immobilization process (Appendix L). Table 8.2 shows 
the final enzyme loading content. It was found that the amount of enzyme loaded on 
the FPS support was higher than that of FNPS and SBA-15. The amount of enzyme 
loaded on SBA-15 was lower than the other two supports since there were no active 
amine groups grafted on the surface; therefore, the interaction between support and 
enzyme molecules was weak due to the electrostatic, hydrogen bonding, and weak van 
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de Waals forces. As a result, the enzyme immobilized on pure SBA-15 support could 
be easily detached from the support (Yiu and Wright, 2005). 
The amount of enzyme loaded on FNPS and FPS was higher than that on SBA-
15 since the enzyme firmly bonded on the FNPS and FNPSP support due to the 
presence of many active functional groups on the surface. These amine groups could 
easily interact and form permanent covalent bonds with the enzyme molecules (Yiu 
and Wright, 2005); therefore, the enzyme molecules were not washed away from the 
FNPS support during the washing step. As a result, the amount of enzyme loaded on 
the FNPS was higher than that on the pure SBA-15 support.  
 





 Enzyme concentration 
(mg/ml) 






 Initial Final  
Lp/SBA-15  50  4 3.72  0.057  5.74 
Lp/FNPS  50  4 3.24  0.153  15.25 
Lp/FPS  50  4 2.72  0.256  25.63 
* Amount of enzyme on the support = Initial amount of enzyme in the solution – Final amount of enzyme in the 
solution.  
 
However, the amount of enzyme loaded on the Lp/FNPS catalyst was lower 
than that on the Lp/FPS catalyst due to the blockage at the pore openings. Table 8.3 
shows the textural properties of the catalyst after the enzyme immobilization. The 
surface area of supports slightly decreased since the ordered structure of these support 
was only slightly destroyed by the immobilization process. The pore volume of 
Lp/SBA-15 and Lp/FNPS catalyst did not show any significant change when compared 
with the support before the immobilization process. Interestingly, after enzyme 
immobilization, the pore volume of Lp/FPS catalyst showed significant decrease. 
 
Chapter 8.  Effect of surface modification of SBA-15 support on enzymatic transesterification of oil 
 170 








































SBA-15  840 1.62 8.7  790 1.55 8.3 
FNPS  570 1.05 8.2  490 0.98 7.1 
FPS  450 0.65 8.0  420 0.33 7.9 
 
The adsorption-desorption isotherms of the supports before and after enzyme 
immobilization are shown in Figure 8.4. After the enzyme immobilization, Lp/SBA-15 
and Lp/FNPS catalysts showed only a slight change of the pore size and isotherm 
whereas the Lp/FPS catalyst showed a larger decrease of pore volume and greater 
distortion of the isotherm after enzyme immobilization than the SBA-15 and FNPS 
supports. The drastic reduction of pore volume and the distortion of isotherm suggest 
that the space inside the pore of the FPS support has been occupied by the immobilized 
enzyme molecules. These results suggest that enzyme immobilization took place 
mostly outside the pores of the SBA-15 and FNPS supports but inside the pores of the 
FPS support (Song et al., 2005 and Kim et al., 2008). 
The enzyme immobilization on FNPS support mostly took place at the external 
surface of the support. It is due to the fact that a lot of active functional groups were 
grafted on both the inside and outside surfaces of the porous structure of FNPS support. 
During the immobilization of the enzyme, the enzymes easily attached on the 
functional groups at the external surface, resulting in the blockage at the pore openings, 
hindering the diffusion of other enzyme molecules into the pores (Kim et al., 2008). As 
a result, most enzymes were immobilized on the external surface. 
 







Figure 8.4 N2 adsorption-desorption isotherms of a) SBA-15, b) FNPS and c) FPS 
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For the FPS support, the amount of enzyme loading was higher than that on the 
FNPS due to the enzyme immobilization inside the pores of the FPS support. 
According to the characterization results, the active functional groups were dominantly 
located on the internal surface of the pores of the FPS support, and the passivation of 
some silanol groups inside the pores reduced the density of the active functional 
groups inside the channels of the FPS support. Without the active functional groups at 
the external surface and the low density of the active functional groups inside the 
channels of the support, the enzyme molecules could diffuse deeply inside the channels. 
In addition, it was reported that the large surface area of mesoporous materials mainly 
derived from the internal surface (i.e., the surface inside the porous structure) 
(Shephard et al., 1998 and Li and Kawi, 2008). Therefore, enzyme immobilization on 
the internal surface could increase amount of enzyme loading. As a result, the amount 
of enzyme immobilized on the FPS support was higher than that on FNPS support. 
 
8.2.2 Catalytic activity study 
The immobilized lipases were tested for their catalytic activity in 
transesterification reaction in a screw-capped vessel under shaking at 250 rpm. Refined 
palm oil was mixed with THF at solvent-to-oil volume ratio of 0.4:1 and 5 wt % 
catalyst, followed by dried methanol. Palm oil-to-methanol molar ratio was fixed 1:3 
and the reaction temperature was 50 ºC. 
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Figure 8.5 catalytic performances of Lp/SBA-15, Lp/FNPS and Lp/FPS catalysts. 
 
 Figure 8.5 shows the percentage FAME yield produced over Lp/SBA-15, 
Lp/FNPS and Lp/FPS catalysts. The performances of Lp/FNPS and Lp/FPS catalysts 
were significantly higher than that of Lp/SBA-15 catalyst. The poor performance of 
Lp/SBA-15 catalyst is due to the low amount of lipase enzyme on the pure SBA-15 
support and the inactivation of enzyme during the reaction (Mozhaev et al., 1990 and 
Kim et al., 2008). The low amount of enzyme immobilized on the SBA-15 support due 
to no interaction between enzyme and support, resulting in the detachment of enzyme 
after washing step in immobilization process. In addition, due to the easy detachment 
of lipase immobilized on SBA-15, the lipase enzyme freely flow in the reaction media. 
It was reported that free lipase was inactivated easily when compared with the 
immobilized lipase because of the changing of enzyme configuration during reaction 
(Brady et al., 1990, Brzozowski et al., 1991, Derewenda et al., 1992, and Mateo et al., 
2007). Therefore, the FAME yield of Lp/SBA-15 reached the plateau with in short 
time. On the other hand, the covalent bonds between the enzyme molecules and the 
support could hold the enzyme configuration in the active form (Martinek et al., 1977, 
Klibanov, 1979, 1982 and 1983, Mozhaev et al., 1990, Gianfreda and Scarfi, 1991, 
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Gupta, 1991, and Fernandez-Lorente et al., 2006). As a result, the immobilized enzyme 
on FNPS or FPS support would not easily deactivate by the configuration change, and 
thus the catalyst could produce a high FAME yield. 
It is interesting that the catalytic performance of Lp/FPS was better than that of 
Lp/FNPS possible due to 1) the low amount of lipase on FNPS support and 2) the 
effect of the surroundings on the reaction medium. The amount of lipase enzyme on 
Lp/FNPS catalyst was lower than that on Lp/FPS catalyst, resulting in the lower 
catalytic performance the Lp/FNPS catalyst and lower FAME yield of Lp/FNPS. In 
addition, there were bubbles observed in the mixture due to the vigorous shaking. It 
has been reported that the surroundings of the reaction system, such as air bubbles, 
could inactivate the enzyme molecules (Caussette et al., 1998 and 1999, Colombie et 
al., 2001, Bommarius and Karau, 2005, Bes et al., 1995, Bolivar et al., 2006 and Mateo 
et al., 2007). Therefore, the lipase immobilized on the external surface on Lp/FNPS 
was easily exposed to the air bubbles and deactivated whereas the lipase mostly 
immobilized on the internal surface of Lp/FPS catalyst were protected by the pores 
from the exposure to the surroundings. Therefore, the performance of Lp/FPS could 
maintain until the the FAME yield reached the high percentage whereas the 
performance of Lp/FNPS increased in the initial period and reached the plateau before 
the FAME yield reached the high percentage.  
 
8.2.3 Catalytic stability study 
Figure 8.6 shows the results of the stability and leaching test of Lp/SBA-15, 
Lp/FNPS and Lp/FPS catalyst. The enzymatic performance of Lp/SBA-15 decreased 
drastically, due to the significant leaching of the catalyst. This significant leaching of 
immobilized enzyme from SBA-15 support is due to the weak interaction between 
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enzyme molecules and the support (Yiu and Wright, 2005), causing the enzyme to 
easily detach from the support.  
Interestingly, the immobilized lipase on FPS support was more stable than on 
FNPS support. The enzymatic performance of Lp/FPS catalyst was stable with time 
whereas the performance of Lp/FNPS catalyst gradually reduced because of the greater 
enzyme leaching from the FNPS support when compared with the FPS support. This 
result suggests that the enzyme immobilization inside the pores could reduce the 
enzyme leaching from the support and enhance the immobilized enzyme stability. 
 
Figure 8.6 Catalytic stability and amount of enzyme leaching of Lp/SBA-15, Lp/FNPS 
and Lp/FPS catalyst. 
 
This work has shown the success of the passivation on the enzyme 
immobilization process. This method can be utilized to increase the amount of enzyme 
loading on the passivated support. Furthermore, the enzyme immobilization on the 
passivated support can enhance the catalytic performance and stability, and reduce 
enzyme leaching from the support. This improvement will benefit the industry benefits 
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Candida antarctica lipase was successfully immobilized on the functionalized 
passivated-SBA-15 support (FPS). The catalyst had the well-preserved hexagonal 
mesoporous structure after surface-modification and immobilization process. The 
amount of enzyme loaded on the FPS support was higher than that on the FNPS and 
pure SBA-15 supports due to the immobilization of enzymes inside the pores of the 
FPS support.  The immobilized lipase on FPS (Lp/FPS) performed better than the 
immobilized lipase on functionalized SBA-15 (Lp/FNPS) and the immobilized on pure 
SBA-15 (Lp/SBA-15). The better performance of Lp/FPS catalyst is due to the higher 
amount of lipase enzyme and less inactivation of lipase during the reaction, causing by 
enzyme immobilization inside the channels of support. In addition, the stability of 
Lp/FPS catalyst was higher than that of Lp/FNPS and Lp/SBA-15 catalysts. The 
catalytic performance of Lp/FPS maintained up to seven days and the enzyme leaching 
content was very low (i.e., less than 5 wt %). The good stability of Lp/FPS is due to 
enzyme immobilization inside the channels of the support which could protect the 
enzyme from inactivation by surroundings and could decrease the destruction of the 
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Chapter 9. Conclusions and recommendations 
 
9.1 Conclusions 
The major focus of this thesis was on improvement of the catalytic 
performance of chemical catalyst (i.e., sulfated zirconia (SZ) and mixed oxide of 
CaO and CeO2 (CaO-CeO2)) and biocatalyst (i.e., Candida antarctica lipase) for 
transesterification of palm oil and methanol by using mesoporous SBA-15 support. 
We found that SBA-15 was a promising catalyst support which could be applied for 
both biocatalyst and chemical catalyst (i.e., acid or base catalyst) with significant 
improvement of their catalytic performances for transesterification of palm oil with 
methanol to biodiesel. The important findings of this thesis are as follows: 1) large 
surface area was crucial to enhance the catalytic activity by dispersing the active sites 
on the catalyst surface: 2) big pore size of SBA-15 support benefits in aiding the 
bulky oil reactant to access the active sites dispersed insides the mesoporous channel: 
3) interaction between the acid catalyst and SBA-15 support generated additional 
acid sites which has higher acid strength than the acid site on the unsupported acid 
catalyst: 4) the interaction between acid or base catalyst and SBA-15 support 
improved the stability of catalysts by preventing the agglomeration of active sites and 
reducing the amount of catalyst components leaching into the medium: 5) SBA-15 
had a strong structure which could withstand the severe conditions of the catalyst 
preparation process: and  6) the catalytic performance of lipase was found to improve 
after being immobilized inside the channels of SBA-15 support due to the increase of 
enzyme capacity on the catalyst support, the decrease of lipase inactivation and the 
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decrease of lipase leaching from the support. These results clearly illustrate the 
potential of SBA-15 support to improve the catalytic performance for biodiesel 
production. This work opens up new applications of SBA-15 catalyst support and 
new potential heterogeneous catalysts for biodiesel production with a green and 
environmentally-benign process. 
 
(1) The large surface area was crucial to enhance the catalytic activity by 
dispersing the active sites on the catalyst surface. 
Supporting the acid or base catalyst on SBA-15 support enhanced the 
dispersion of the active site on the catalyst surface, resulting in the increase of the 
numbers of active sites on the surface of the catalyst. The acidity of sulfated zirconia 
supported SBA-15 (SZS) catalyst measured by ion-exchange titration and total 
basicity of Ca/CeS catalyst measured by the Hammett indicator-benzene carboxylic 
acid titration clearly showed the increase of the number of active sites on the surface 
of the catalysts. The acidity of SZS catalyst was ca. 1.5 to 2 times higher than that of 
unsupported SZ catalyst and the total basicity of Ca-doped Ce-incorporated SBA-15 
(Ca/CeS) catalyst was ca. 3 times higher than that of unsupported CaO-CeO2.  
The increase of active site numbers leads to the increase of catalytic activity. 
The catalytic activity of SZS (g FAME/ mol Zr/min) was ca. 2.5 times higher than 
unsupported SZ and the catalytic activity of Ca/CeS (g FAME/ mol Ce/min) was ca. 
6 times higher than that of unsupported CaO-CeO2. These results clearly show that 
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(2) Big pore size of SBA-15 support benefits in aiding the bulky oil reactant to 
access the active sites dispersed insides the mesoporous channel. 
The catalytic performance of sulfated zirconia supported on different silica 
supports (i.e., SBA-15, MCM-41 and amorphous silica) shows that the size of the 
pore and the catalyst structure affected the catalytic performance. The sulfated 
zirconia supported SBA-15 (SZS) had higher catalytic performance than that of 
sulfated zirconia supported MCM-41 (SZM), although their acidity measured by ion-
exchange titration was comparable. This is due to the fact that the pore size of SZS 
was remarkably bigger than that of SZM catalyst. The big pore size of the catalyst 
was preferable for the bulky reactant (such as palm oil) to access the active sites 
dispersed inside the channel of the SZS catalyst, due to the low resistance to the 
bulky oil reactant. Therefore, the big pore size of SBA-15 support improved the 
accessibility of the bulky oil molecule to the active sites inside the channel of the 
catalyst.   
 
(3) The interaction between the acid catalyst and SBA-15 support generated 
additional acid site which has higher acid strength than the acid site on the 
unsupported acid catalyst. 
The catalytic performance of SZS improved not only due to the increase of 
acid site numbers, but also due to the increase of acid strength of the active sites. The 
formation of -Si-O-Zr- linkages on the surface of SZS catalyst generated stronger 
acid sites compared to that on unsupported SZ. Substitution of Si on the -Zr-O-Zr- 
leads to the increase in total electronegativity of catalyst and increases in positivity of 
Zr species, which is considered as the Lewis acid site on the catalyst. The NH3-TPD 
and XPS surface analysis clearly showed the evidence of the formation of strong 
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Lewis acid sites on the sulfated zirconia supported on SBA-15. In-situ FTIR for 
pyridine absorption measurement also showed the formation of pyrosulfate species, 
which is a strong electron acceptor, on the surface of SZS catalyst and it is believed 
that this pyrosulfate species can induce the generation of strong acid sites. Therefore, 
the additional Lewis acid site with strong acid strength on the SZS catalyst was 
generated by the formation of -Si-O-Zr- linkages and the induction of pyrosulfate 
species. 
 
(4) The interaction between acid or base catalyst and SBA-15 support improved 
the stability of catalysts by preventing the agglomeration of active sites and 
reducing the amount of catalyst components leaching into the medium. 
 The stability of SZS catalyst improved due to the interaction between the 
catalyst species and SBA-15 support. The reusability result for 5 reaction cycles and 
the retained S/Zr molar ratio of SZS catalyst suggests the good stability of SZS 
catalyst and the ability to maintain the dispersion of acid sites of SZS catalyst. The 
dispersion of catalyst species was well maintained because of the interaction between 
the catalyst species and support, resulting in the decrease of agglomeration of SZS 
catalyst decreased and hence this could retain the numbers of catalyst active sites. 
Therefore, the SZS catalyst could be reused for many cycles and the catalytic 
performance was relatively stable. 
 The interaction between the catalyst components and the support of Ca/CeS 
catalyst improved the stability of the catalyst. The amount of catalyst components 
leaching into the reaction medium obviously reduced, resulting in the high stability 
and durability of catalyst (i.e., 15 reused cycles with insignificant decrease of 
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catalytic performance) and the significant decrease of catalyst contaminated in the 
biodiesel product (i.e., less than 1 ppm after 7 cycles). 
 The formation of covalent interaction between lipase enzyme and SBA-15 
support leads to the low amount of enzyme leaching and during stability test and the 
performance on immobilized lipase was relatively stable. 
 
5) SBA-15 had a strong structure which could withstand the severe conditions of 
the catalyst preparation process.  
 Based on the result from CaO-impregnated different types of silica supports, 
the CaO-impregnated SBA-15 (CaO/SBA) could retain the mesoporous structure but 
the mesoporous ordered structure of MCM-41 could not be maintained after Ca 
impregnation. This is possible due to the thicker wall and longer ordered channel of 
the mesopores as compared to MCM-41. This result suggests that SBA-15 had a 
strong structure and it could withstand the severe conditions of the catalyst 
preparation process. 
The catalyst performance of CaO/SBA catalyst was better than that of CaO-
impregnated MCM-41 (CaO/MCM). The good performance of CaO/SBA is due to 
the high total basicity, caused by the high surface area of the catalyst. On the other 
hand, the poor performance of CaO/MCM is due to the low total basicity of the 
catalyst, caused by the destruction of mesoporous ordered structure during 
impregnation process. This result suggests that the SBA-15 not only has large surface 
area, but also has the strong structure which can resist the severe conditions of 
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6) The catalytic performance of lipase was found to improve after being 
immobilized inside the channels of SBA-15 support due to the increase of 
enzyme capacity on the catalyst support, the decrease of lipase inactivation and 
the decrease of lipase leaching from the support. 
 Support for enzyme immobilization is important for improvement of the 
enzyme activity and enhancement the stability of enzyme. The large surface area and 
big pore size of SBA-15 benefit to increase the enzyme capacity on the support, 
prevent enzyme inactivation and to reduce enzyme leaching from the support. The 
amount of lipase immobilized on functionalized passivated-SBA-15 support (FPS) 
was higher than that on functionalized non-passivated-SBA-15 (FNPS) and pure 
SBA-15 since the enzyme immobilization mostly occurred inside the channels of the 
FPS support.  The catalytic activity of the immobilized enzyme on FPS was higher 
than that on FNPS and SBA-15 due to the higher amount and the less inactivation of 
immobilized lipase on FPS. The stability of the enzyme on the FPS support was 
higher than that on FNPS and SBA-15 supports due to the less amount of lipase 
leaching into the medium, caused by immobilization inside the pore on FPS support. 
In addition, the enzyme immobilization inside the pore prevented the enzyme 
molecule to inactivate from the surroundings. 
In summary, undoubtedly SBA-15 is a promising catalyst support to be 
applied in biodiesel production industry. Supporting the chemical catalyst and 
biocatalyst on SBA-15 opens up new potential of heterogeneous catalysts for 
biodiesel production with a green and environmentally-benign process. Among these 
three kinds of catalysts, the base catalysts on SBA-15 seems to be a potential 
alternative catalyst for exploring highly-active and cost-effective catalysts for 
biodiesel production industry. 
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9.2 Recommendations 
(1) Development continuous process for biodiesel production 
 To date, the process for biodiesel production is batch reaction with 
homogeneous catalysts such as NaOH and KOH. However, the result in this thesis 
shows the potential of solid catalyst for continuous production since the catalyst 
shows good catalytic performance for long-time reaction. It is interesting to apply the 
solid catalyst presented in this thesis to produce the biodiesel using continuous 
system.  
(2) Cost reduction by using low cost feed stocks 
 In this thesis, the high-quality palm oil was used as the oil feed stock for the 
academic purpose; therefore, the price of the feed stock is slightly high. However, the 
results from this thesis, especially the result form the effect of water and free fatty 
acid in feed stock, show the potential to use the synthesized catalyst for low-quality 
oil which usually contains high amount of water and free fatty acids (such as waste 
cooking oil or palm kernel). In addition, algae oil, which can be produced 
productively with small space and can capture the CO2 and turn it to oil form, is 
interesting to utilize as a low-cost feed stock. 
(3) Improving the miscibility of oil and methanol reactants for enzymatic 
transesterification 
 The miscibility of non-polar oil reactant and polar methanol reactant is one of 
the important problems for biodiesel production, especially for production at low 
reaction temperature such as enzymatic transesterification. In this thesis, the 
miscibility of reactants could be overcome by using THF solvent. However, using 
organic solvents requires additional separation process after the reaction. In addition, 
organic solvent is toxic and it is not environmental friendly. High pressure system by 
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using gases (such as CO2, N2 and He) is very interesting to apply for biodiesel 
production since the high pressure could improve the miscibility of the two reactants 
and the gases used can be easily removed. 
(4) Development of porous catalyst for transesterification of oil 
 Based on the study of this thesis, the suitable catalyst for the 
transesterification of bulky oil molecule should have large surface area, big pore size, 
high strength of the active site and good interaction between catalyst components. 
Based on this concept, novel catalysts can be designed and prepared for the 
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Appendix B 
Experimental design 




% FAME Yield at 
10 h 
1 1:3 60 1 1.3 
2 1:3 60 5 5.3 
3 1:3 60 20 4.5 
4 1:3 150 1 8.2 
5 1:3 150 5 40.2 
6 1:3 150 20 35.2 
7 1:3 200 1 10.2 
8 1:3 200 5 52.4 
9 1:3 200 20 48.2 
10 1:20 60 1 3.2 
11 1:20 60 5 18.2 
12 1:20 60 20 15.3 
13 1:20 150 1 19.2 
14 1:20 150 5 72.1 
15 1:20 150 20 71.2 
16 1:20 200 1 20.3 
17 1:20 200 5 98.2 
18 1:20 200 20 90.2 
19 1:30 60 1 20.3 
20 1:30 60 5 28.4 
21 1:30 60 20 25.2 
22 1:30 150 1 25.3 
23 1:30 150 5 99.5 
24 1:30 150 20 100 
25 1:30 200 1 32.1 
26 1:30 200 5 99.1 
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Appemdix C 
 
Effect of catalyst amount on FAME yield over SZ, SZS-1 and SZS-2 catalysts (200 ºC, 3 
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Appendix D 
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Appendix F 




% FAME Yield 
at 6 h 
1 1:6 60 1 4.6 
2 1:6 60 5 16.2 
3 1:6 60 10 12.2 
4 1:6 85 1 20.2 
5 1:6 85 5 50.3 
6 1:6 85 10 42.3 
7 1:6 150 1 30.2 
8 1:6 150 5 70.2 
9 1:6 150 10 65.2 
10 1:20 60 1 13.2 
11 1:20 60 5 75.1 
12 1:20 60 10 44.3 
13 1:20 85 1 31.2 
14 1:20 85 5 97.6 
15 1:20 85 10 65.3 
16 1:20 150 1 25.3 
17 1:20 150 5 100 
18 1:20 150 10 98.5 
19 1:30 60 1 24.2 
20 1:30 60 5 69.2 
21 1:30 60 10 65.2 
22 1:30 85 1 46.5 
23 1:30 85 5 100 
24 1:30 85 10 99.1 
25 1:30 150 1 55.2 
26 1:30 150 5 100 
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Appendix G  
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Appendix H 
Basicity of CeS-x catalysts before and after doped with 30 wt% Ca 
Sample  
Basicity (mmol/g)  Total 
Basicity 
(mmol/g) 
   4.2 < H_ < 6.8 6.8 < H_ < 7.2 7.2 < H_ < 9.8 9.8 < H_ < 18  
SBA-15  - - - -  - 
CeS-20  - - - -  - 
CeS-10  - - - -  - 
CeS-5  0.1 - - -  0.1 
CeS-2  0.2 - - -  0.2 
30Ca SBA  0.2 0.4 - -  0.6 
30Ca CeS-20  0.9 8.4 0.3 -  9.6 
30Ca CeS-10  1.2 12.3 0.5 -  14.0 
30Ca CeS-5  2.4 13.2 16.3 1.5  33.4 
30Ca CeS-2  1.9 8.7 9.4 0.9  20.9 
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Appendix I  
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Appendix J 




% FAME Yield 
at 6 h 
1 1:6 60 1 2.3 
2 1:6 60 5 8.5 
3 1:6 60 10 4.4 
4 1:6 85 1 15.2 
5 1:6 85 5 33.4 
6 1:6 85 10 26.3 
7 1:6 150 1 35.2 
8 1:6 150 5 45.2 
9 1:6 150 10 40.3 
10 1:20 60 1 18.2 
11 1:20 60 5 46.5 
12 1:20 60 20 42.2 
13 1:20 85 1 30.2 
14 1:20 85 5 83.1 
15 1:20 85 10 60.2 
16 1:20 150 1 42.2 
17 1:20 150 5 93.2 
18 1:20 150 10 90.3 
19 1:30 60 1 25.3 
20 1:30 60 5 50.2 
21 1:30 60 10 45.2 
22 1:30 85 1 35.2 
23 1:30 85 5 87.4 
24 1:30 85 10 85.2 
25 1:30 150 1 45.1 
26 1:30 150 5 100 
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Appendix K 
 
Effect of catalyst dosage with long reaction time to show the limitation of mass transfer at 
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Appendix L 
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